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Antibiotic resistance is a global health concern and antibiotic 
resistance genes (ARGs) are recognized as environmental contaminants in 
recent years. Anthropogenic consumption of antibiotics was a major cause of 
elevated antibiotic resistance in the environment. Previous studies identified 
that ARGs can be discharged from anthropogenic sources such as wastewaters, 
livestock agriculture and aquaculture, while urban environments without direct 
impact of treated/untreated sewage were less studied. These environments 
contain relatively small selective pressure, e.g. antibiotics at low concentration, 
but how antibiotic resistance develops under the exposure of low 
concentration of antibiotics in open environments is not well-understood. In 
addition to anthropogenic selective pressures, antibiotic resistance could occur 
due to the existence of indigenous antibiotic-producing bacteria, while limited 
studies have quantitatively described the contribution from natural production 
of antibiotics to the environmental resistome.  
This study evaluates the occurrence and distribution of antibiotics, 
ARGs, and antibiotic resistance in urban surface waters and soils in Singapore. 
Surface waters in Singapore are completely separated from the sewage system, 
but could still be affected by various anthropogenic activities as Singapore is a 
highly urbanized city-state where the population density is one of the highest 
in the world. In surface waters, the distribution of antibiotics and ARGs 
correlates with human activities. Sulfamerazine and sulfamethazine were 
mainly detected in agricultural areas, while macrolides were mainly detected 
in residential areas. The abundance of erm genes and levels of macrolide-
lincosamide-streptogramin B (MLSB) antibiotic resistance were relatively low 
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in less anthropogenically impacted areas including natural reservoirs and 
reserved areas, but relatively high in areas with more human activities, 
including agricultural, residential, industrial, and recreational areas. The 
concentrations of human antibiotics and the MLSB resistance levels correlated 
with residential population density, which might therefore be used as an urban 
indicator for the occurrence of these emerging contaminants in the 
environment. The occurrence of erm genes correlated with potential selective 
pressure by antibiotics of different classes, nutrients, and biosynthetic genes. 
The different dissemination behaviors of different erm genes correlated with 
gene mobility and may be explained by their different induction kinetics under 
the exposure of low concentration of antibiotics. Pearson correlation 
coefficient up to 0.931 was observed between MLSB resistance levels and 
macrolides at concentrations less than 40 ng/L in an urban river, suggesting 
that environmental antibiotics at lower ppt levels may still contribute to the 
development of antibiotic resistance. Conversely, the soil resistome may be 
more related with natural antibiotic production than with anthropogenic 
activities because the abundances of erm genes correlated with polyketide 
biosynthetic genes and the concentrations of erythromycin and tylosin. 
Polyketide biosynthetic genes were prevalently detected in urban tropical soils 
and correlated with heavy metals, which might be because exposure to heavy 
metals caused bacteria to produce certain polyketide metabolites in response 
of the toxic effects. 
This study provides information on the emergence and dissemination 
of ARGs in urban environments, and the information could be used for 
environmental risk assessment of antibiotic resistance.  
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Chapter 1 Introduction 
 
Antibiotic resistance has raised global health concern in recent years and it has 
been found with prevalent occurrence in natural environment. In environmental 
studies, antibiotic resistance determinants have been recognized as emerging 
environmental contaminants from the early 2000s and were detected in many urban 
environment compartments. Understanding their origin, development, dissemination 
and persistence are very important for environmental risk assessment and risk control 
associated with antibiotic resistance. 
1.1  General descriptions of antibiotic resistance 
An antibiotic is an agent that inhibits bacterial growth or kills bacteria. 
Antibiotics are widely used in hospitals and clinics to treat infections caused by 
pathogens and such a wide application of antibiotics has caused the problem of 
antibiotic resistance. Antibiotic resistance is defined as a form of drug resistance 
where microorganisms, usually bacterial species, are able to survive after exposure to 
one or more antibiotics. Since the discovery of penicillin in 1928, human's reliance on 
antibiotics is growing rapidly and steadily, and superbugs with multi-drug resistance 
(MDR) have been reported (French, 2010). 
Antibiotic-resistant bacteria (ARB) are now a global health concern. Infections 
are difficult to treat when pathogens obtain antibiotic  resistance, and this usually 
means longer lasting illnesses, extended hospital stays and usually more expensive 
medications (Howard, Scott et al., 2003). Some resistant infections can even cause 
increased mortality. The failure of first line antibiotics also leads to the usage of less 
conventional medications, many of which are associated with serious side effects, 
such as the second-line drugs for multi-drug-resistant tuberculosis (MDR-TB). 
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1.2  Natural existence of antibiotic resistance 
The natural existence of antibiotic resistance had long been noticed. One review 
paper in 1967 by Pollock mentioned that penicillinase was detected in Bacillus 
licheniformis endospores revived in 1962 from dried soil from plant roots, which had 
been kept since 1689 in the British Museum (Sneath, 1962, Pollock, 1967). In the 
1970s, researchers started to find various mechanisms of resistance in antibiotic-
producing bacteria (Walker and Walker, 1970, Argoudelis and Coats, 1971, Nimi, Ito 
et al., 1971, Benveniste and Davies, 1973), a large part of which are indigenously 
soil-dwelling. Even though it has been commonly known that antibiotic resistance is 
not restricted to pathogenic bacteria but also environmental non-pathogenic 
microorganisms, the roles of these organisms as potential reservoirs of resistance 
genes are only recently becoming a focus of research (Canton, 2009, Martinez, 2009, 
Allen, Donato et al., 2010). 
There is growing evidence that antibiotic resistance genes (ARGs) in pathogenic 
organisms originate from the environment. For example, the fluorquinolone resistance 
gene, qnrA gene, was reported to have an environmental reservoir in the aquatic 
bacterium Shewanella algae (Poirel, Rodriguez-Martinez et al., 2005). The 
vancomycin resistance genes VanH, VanA, and VanX in two glycopeptide antibiotic 
producers: the A47934 producer Streptomyces toyocaensis NRRL 15009 and the 
vancomycin producer Amycolatopsis orientalis C329.2 were found highly similar to 
those in vancomycin-resistant enterococci (VRE) (Marshall, Lessard et al., 1998). As 
these examples clearly link clinically prevalent resistance to the environmental 
resistome, growing concern was raised that antibiotic resistance determinants in the 
environment could pose human health risk by transferring unknown antibiotic 
resistance mechanisms to human pathogens (Wright, 2010).  
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1.3  Antibiotic resistance as an emerging environmental contaminant 
As the health concerns rose further, antibiotic resistance started to be recognized 
as an emerging environmental contaminant (Barceló and Petrovic, 2008). In the early 
2000s, Chee-Sanford found ARGs developed in environment bacteria as a direct 
result of animal agriculture, such as swine production facilities and fish farms and 
suggest ground water and soil in the vicinity of such facilities might be potential 
sources of antibiotic resistance in the food chain (Chee-Sanford, Aminov et al., 2001). 
Antibiotic resistance then started to be considered as an environmental contamination 
problem, with resistance gene vectors as the target contaminants (Rysz and Alvarez, 
2004).  
ARGs as environmental contaminants are more complex than other emerging 
contaminants such as antibiotics. Different from antibiotics which could be cleaned in 
natural ecosystems through degradation, antibiotic resistance determinants are auto-
replicative elements that can be maintained in microbial populations. Salyers et al. 
described antibiotic resistance as “easy to get and hard to lose” elements that could be 
adopted rapidly by new hosts even in the absence of antibiotic selection (Salyers and 
Amabile-Cuevas, 1997). However, ARGs in the environment should not always be 
considered as pollution. Martinez et al. stated that pollution should be considered 
when the abundance of resistance organisms increases above the normal value, which 
generally occurs when there is a selective pressure or direct discharge of resistance 
bacteria (Martinez, 2009).   
ARGs have been demonstrated in various environment matrices(Zhang, Zhang 
et al., 2009, Graham, Olivares-Rieumont et al., 2010, Koike, Aminov et al., 2010, 
Storteboom, Arabi et al., 2010, Pruden, Arabi et al., 2012, Stoll, Sidhu et al., 2012). 
For example, one study in northern Colorado revealed the presence of ARGs in river 
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sediments, irrigation ditches, dairy lagoons, and the effluents of wastewater recycling 
and drinking water treatment plants (Pruden, Pei et al., 2006). Zhang et al. reviewed 
the occurrence of ARGs in water environments from studies all over the world and 
reported that special wastewater from hospital, animal production and aquaculture 
areas, treated and untreated sewage, natural water and drinking water have all been 
demonstrated with the prevalent occurrence of ARGs (Zhang, Zhang et al., 2009). The 
occurrence of ARGs in drinking water was further explored by Xi et al. The study 
found ARGs and heterotrophic ARB in all finished water and tap water but in small 
concentrations. The study reported higher amount of ARGs and ARB in tap water 
than in finished water, suggesting water distribution systems might be an important 
reservoir for the spread of antibiotic resistance (Xi, Zhang et al., 2009). 
In addition to the water environments, many studies detected prevalent 
occurrence of ARGs in soils. D'Costa and his colleagues did the most comprehensive 
research on the exploration of soil resistome to date (D'Costa, McGrann et al., 2006). 
Four hundred and eighty strains of Streptomyces were screened against 21 types of 
antibiotics that cover all major bacterial targets. Very high levels of resistance were 
found among these strains, most of which showed multi-resistance to about seven to 
eight antibiotics. Clinically relevant resistance mechanisms, as well as some 
previously unknown mechanisms were discovered. D'Costa’s work only targeted a 
group of cultivable spore-forming Streptomyces, but another study utilizing 
metagenomic analysis has revealed the possible huge diversity of ARGs among 
uncultivable soil bacteria (Riesenfeld, Goodman et al., 2004). In addition, Dantas et al. 
explored hundreds of soil bacteria that can degrade antibiotic compounds and found 
that some super-resistant bacteria could even live on antibiotics with concentration as 
high as 1g/liter (Dantas, Sommer et al., 2008). From the perspective of environmental 
contamination, Knapp et al. detected ARGs in soil samples in the Netherlands that 
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spanned 1940 to 2008 and observed a significant increase of multiple groups of ARGs 
since 1940. This study suggested that past antibiotic usage might have altered the 
“background” resistance levels in nature soils (Knapp, Dolfing et al., 2009). 
A majority of environmental studies on ARGs paid their attention to wastewater 
in urban environments (Goñi-Urriza, Capdepuy et al., 2000, Auerbach, Seyfried et al., 
2007, Laroche, Pawlak et al., 2009). Special wastewater such as hospital wastewater 
and pharmaceutical manufacturers can contribute to the environmental loading of 
pharmaceuticals and antibiotic resistance due to the extensive application of 
antibiotics in these facilities. Domestic sewages also contain high concentration of 
antibiotics which may come from the disposal of pharmaceuticals through toilets or 
the excretion of ingested drugs from patients. Subsequently large abundance of ARGs 
could develop under the strong selective pressure. ARGs can enter into aquatic 
environments via direct discharging of untreated wastewater; or they could enter 
sewage treatment plants (STPs) through wastewater collection systems and 
subsequently into the environments due to incomplete removal during the treatment 
processes (Auerbach, Seyfried et al., 2007). For example, relatively high levels of 
antibiotics and ARGs were detected at biofilm samples collected downstream of the 
WWTP discharge (Marti, Jofre et al., 2013), a drug formulation facility (Khan, 
Berglund et al., 2013), and secondary effluent and receiving river (Xu, Xu et al.). 
Livestock associated activities are another major source of pharmaceuticals and 
ARGs in environment. Usage of antibiotics in farm animals is a typical practice in 
many countries to increase quality and quantity of output on farms. Subsequently, 
release of antibiotics and ARGs into the water and soil environment could occur in 
multiple routes, for example via direct link of fish farms to running rivers (Gordon, 
Giraud et al., 2007), via land application of animal waste which could then enter 
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aquatic environments through surface runoff (Amarakoon, Zvomuya et al., 2014) and 
via leakage from animal waste lagoon to ground water (Koike, Aminov et al., 2010). 
1.4  Problem statement 
All the previous studies provide important knowledge on the environmental 
distribution of antibiotic resistance, which is essential when considering ARGs and 
ARB as environmental contaminants. The fact that the ARGs and ARB are widely 
distributed not only in clinical isolates, but also in various environmental 
compartments such as waters (Zhang, Zhang et al., 2009), soils and animal fecal 
samples (Patterson, Colangeli et al., 2007) causes a huge health concern to humans. 
The comprehensive identification of environmental reservoirs of ARGs and ARB is 
the first step for the evaluation of associated environmental risks. Besides, previous 
studies provided a lot of information on the driving factors that have an impact on the 
development of antibiotic resistance. This knowledge contributes to guidance of 
antibiotic usage. For example, physicians are encouraged to prescribe antibiotics in 
proper amounts because misuse or overuse of antibiotics is usually the major cause 
for resistance to develop (English and Gaur, 2010). In addition, FDA started to phase 
out non-treatment-based antibiotic usage in agriculture activities because sub-
inhibitory concentrations in livestock feeding have been found to be another major 
cause of antibiotic resistance. 
However, more studies could be done in this field in order to better understand 
the origin, development, dissemination and persistence of antibiotic resistance in 
urban environment.  
First of all, most environmental studies focused on point source identification 
where direct discharge of antibiotic or ARGs could occur, yet in urban flows under no 
direct discharge of STP effluent or agricultural input, contamination could still occur 
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and this information is rarely provided. Monitoring study in these environments could 
help to identify potential urban contamination sources which were less studied 
previously, and Singapore, where surface waters are completely separated from the 
sewage system, provides a unique environment for such a study. The information on 
the distribution of urban contaminants in these streams is also important because 
surface water in Singapore contributes to a large portion of the drinking water supply. 
Furthermore, both antibiotics and antibiotic resistance are emerging contaminants of 
concern in recent years and environmental monitoring studies have been carried out in 
many countries world-widely (Kümmerer, 2009, Zhang, Zhang et al., 2009), whereas 
information on their occurrence in Singapore is still lacking. Besides water 
environments, previous studies in soil environments mainly focused on hotspot 
environments under the exposure of anthropogenic contaminants, e.g. elevated 
concentrations of ARGs were detected mainly in agricultural soils under the exposure 
of animal manure or irrigated wastewater (Negreanu, Pasternak et al., 2012, Zhu, 
Johnson et al., 2013). However, studies on the development of ARGs in natural soil 
environments without direct impact of anthropogenic contaminants are lacking. Urban 
soils, due to its usage for various anthropogenic purposes, are under the impact from 
different anthropogenic activities. Despite a lack of direct application of antibiotics, 
these anthropogenic activities could still affect soil microbial ecology and influence 
the soil resistome. However, antibiotic resistance in soil environments with urban land 
use types other than agriculture was rarely studied.  
Second, studies have shown that antibiotics at sub-inhibitory concentration 
could drive the development of antibiotic resistance in bacteria (Andersson and 
Hughes, 2014). However, antibiotics in the environments usually occur at extremely 
low concentration due to environmental degradation and dilution, and a crucial 
question is what concentrations of antibiotics are required to promote the 
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development of antibiotic resistance. This information is important because it helps 
identify hot spot environments and provides a benchmark for mitigation attempts to 
reduce risks (Gaze, Krone et al., 2013). Controlled competition studies with pure 
strains of Escherichia coli MG1655 and Salmonella enterica serovar Typhimurium 
LT2 showed that minimal selective concentration (MSC) of certain antibiotics could 
be hundreds times lower than the MIC values and could reach nanograms per liter, 
which is close to what has usually been detected in the environment (Gullberg, Cao et 
al., 2011). However, whether the observations will also be found in complex 
microbial communities is not yet known (Gaze, Krone et al., 2013) and current 
environmental studies did not generate clear relationship between antibiotic 
concentration and the incidence of antibiotic resistance in open environmental 
systems due to its complexity (Oberlé, Capdeville et al., 2012, Huerta, Marti et al., 
2013). Therefore, it is interesting to further explore the relationship between 
environmental levels of antibiotics and the occurrence of antibiotic resistance.  
Third, both anthropogenic pressures and natural factors could contribute to the 
occurrence of antibiotics resistance in the environment. Anthropogenic pressures 
include anthropogenic input of antibiotics and other chemical pollutions such as 
disinfectants, biocides and heavy metals. Natural factors include basic physico-
chemical properties of the environment such as UV, pH, soil composition, nutrition 
type and availability, the microbial community composition such as the presence of 
antibiotic-producing bacteria. Variation in these factors might pose stress to the 
microorganisms and thus induce antibiotic resistance e.g. through the induction of 
mutations and facilitation of gene transfer process (Velkov, 1999). Despite their 
potential importance, natural factors are usually less studied than anthropogenic 
factors regarding their impact on environmental resistome. Among the natural factors, 
the presence of naturally occurring antibiotic-producing bacteria could be one major 
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contributor to the environmental resistome, and studies have observed their extensive 
occurrence and great diversity, especially in soil environments (D'Costa, McGrann et 
al., 2006). However, no quantitative information was available on their contribution to 
the environmental resistome. In addition, non-pathogenic non-antibiotic-producing 
environmental microbes were rarely studied while they could also be important 
components of environmental resistome. Further exploration of these aspects could 
provide useful information on the characterization of environmental resistome.  
1.5  Objective and significance of this study 
This study has two main purposes. The first purpose is to evaluate antibiotics 
and antibiotic resistance in natural environments in Singapore. Previously some 
studies have been done in Singapore hospitals but no data has been reported in natural 
water bodies and soils. Sampling will be carried out covering major water bodies 
around Singapore to give a comprehensive view of multiple urban scenarios. A LC-
MS/MS method will be developed to detected antibiotics and commonly used 
molecular biotechnologies including fluorescence in situ hybridization (FISH) and 
polymerase chain reaction (PCR) will be used for the detection of antibiotic resistance. 
The second purpose is to study the driving factors including urban indicators, 
chemical pollution, microbial community composition, and environmental factors 
such as nutrients that shape the distribution of antibiotic resistance in urban 
environment in Singapore.  
Detailed objectives are as follows: 
1. To establish a SPE-LC-MS/MS method for the detection of antibiotics in 
surface water and soils. 
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2. To detect commonly used antibiotics in surface water and soil 
environments throughout Singapore and analyze the distribution of 
antibiotics with regard to human activities. 
3. To quantify selected ARGs with real-time PCR and quantify the resistance 
expression levels with FISH technique in surface water and soil 
environments throughout Singapore. To analyze the environmental 
microbial community composition in selected environmental samples and 
identify phylogenetic groups harboring high resistance levels.  
4. To analyze the distribution of antibiotic resistance with regard to both 
human activities and natural production of antibiotics.  
This study first provides information on the occurrence of antibiotics and 
antibiotic resistance in urban environments in Singapore, which had been not 
comprehensively monitored previously. This information is the first step for 
environmental risk assessment. The unique environment in Singapore could provide 
new information on how antibiotics and antibiotic resistance distribute in non-hotspot 
environments where no direct point sources of anthropogenic input such as sewage, 
WWTP effluent or manure application are present. Furthermore, investigation on the 
relationship between human activities and environmental antibiotics and antibiotic 
resistance could provide useful information in the identification of previously 
undiscovered sources of urban contamination. This information could be applied in 
the prediction of environmental occurrence of antibiotics and antibiotic resistance and 
in the maintenance of urban water resource management policies.  
1.6  Scope of this study 
In this study, environmental sampling is limited to surface water and soil only 
in Singapore. Other environmental compartments such as sediments are not included 
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because many water samples are taken from canals with little sediment because of the 
concrete construction in the bottom. The detection of antibiotic resistance is focused 
on macrolide lincosamide streptogramin B (MLSB) antibiotics and the erythromycin 
ribosomal methylase (erm) genes because (1) MLSB contains a large number of 
chemically diverse antibiotics and some members of MLSB antibiotics are commonly 
used in Singapore; (2) erm genes are a group of clinically important MLSB resistance 
genes and have been comprehensively detected world-widely; (3) MLSB antibiotics 
contain members from both natural bacteria production and artificial semi-synthesis, 
and the erm gene family contains genes of diverse phylogenetic origins; (4) co-
selection of MLSB resistance by heavy metals has been observed previously, 
providing the opportunity of studying the influence from multiple driving factors.  
Influencing factors in this study include nutrient, heavy metal, biosynthetic gene, 
microbial community and antibiotics; urban factors include residential population 
density and land use types. 
Contents of chapters in this thesis are listed as below. 
Chapter 2 includes literature review. 
Chapter 3 describes the experimental methodologies applied in this study. 
Chapter 4 describes the validation of a SPE-LC-MS/MS method for the 
detection of multiple groups of antibiotics in surface water and soil environments and  
the occurrence of 14 antibiotics including four macrolides, three sulfonamides, three 
β-lactams, lincomycin, chloramphenicol, furazolidon, and monensin in surface waters 
and soils in Singapore. Distribution of antibiotics is analyzed with regard to land use 
types and the possibility of biosynthesis by natural microorganisms.  
Chapter 5 describes the quantification of twelve erm genes in surface waters 
and soils in Singapore. Abundance and distribution of these erm genes is analyzed 
with regard to land use types. Nutrient factors and metal elements are analyzed in this 
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study. Furthermore, natural polyketide biosynthetic genes are quantified. Principle 
component analysis (PCA) is applied using erm genes, the environmental factors and 
antibiotics described in Chapter III as variables to study the clustering of different erm 
genes as well as the factors that contribute to the amplification of these erm genes.  
Chapter 6 describes the evaluation of erm gene expression levels detected by 
FISH, which is also referred to as MLSB resistance levels, in surface waters and soils 
in Singapore. The distribution of MLSB resistance is evaluated with regard to land use 
types. Correlation between antibiotic concentration described in Chapter III and 
MLSB resistance levels is analyzed in different water flows to analyze how 
environmental concentration of antibiotics affect the development of antibiotic 
resistance. Lastly, microbial community composition is analyzed in selected 
environmental samples and the MLSB resistance level in different phylogenetic 
groups of microbes is analyzed.  
Chapter 7 describes the proposal of using population density as an urban 
indicator to predict the distribution of antibiotics and antibiotic resistance in urban 
environments. The correlation between population density and concentration of 
individual antibiotics described in Chapter III and environmental MLSB resistance 
levels described in Chapter IV is analyzed.  
Chapter 8 summarizes this study and makes recommendation for future studies.  
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Chapter 2 Literature Review 
 
2.1  Methods for the extraction and detection of antibiotics from environmental 
samples 
Accurate quantification of antibiotics in environmental samples is the first step 
to evaluate their environmental risks. Due to the low concentrations occurred in the 
environment, proper condensation and clean up procedures are usually required to 
extract antibiotics from the environmental samples.  
Currently, the majority of extraction techniques for antibiotics in aqueous 
environments use solid phase extraction (SPE) to condense trace amount of antibiotics 
prior to detection. Different types SPE cartridges including reverse phase and mixed 
mode cartridges (e.g. Oasis HLB, MCX, Strata SAX etc.) or their combinations have 
been used (Moreno-Bondi, Marazuela et al., 2009). HLB is a polymeric resin with 
hydrophilic–lipophilic balanced afﬁnities so it can adsorb pharmaceuticals with wide 
range of polarity. Therefore, HLB SPE is currently the most widely used SPE 
cartridge in pharmaceutical analysis. However, HLB SPE cartridges of different 
brands have different affinity to hydrophilic and lipophilic compounds depending on 
the portion of hydrophilic and hydrophobic sorbent. Therefore, studies usually 
recommend to adjusting pH of samples to achieve best recovery. One disadvantage of 
using HLB alone is the lack of extraction specificity due to the co-extraction of 
impurities from complex environmental matrices. Therefore, other strategies that use 
mixed-mode SPE cartridges such as Oasis MCX and MAX were developed to remove 
impurities (Lavén, Alsberg et al., 2009). MCX consists of an HLB polymeric resin 
added with a cation-exchange sulfonic group and MAX consists of an HLB polymeric 
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resin added with an anionic-exchange quaternary ammonium group (Waters). Lavén 
et al. used MCX and MAX in serial to elute neutrals, acids and basics separately to 
decrease extract complexity and thus reduce matrix effect. Other combinations of SPE 
clean-up strategies were also reported, for example, Locatelli et al. used an anionic-
exchange SPE to remove impurities at low pH and a following HLB SPE cartridge to 
retain target compounds in river waters with heavy humic substances (Locatelli, Sodré 
et al., 2011). Nevertheless, the use of one cartridge is preferred in most cases in order 
to simplify the sample preparation procedure. 
In addition to traditional SPE methods, techniques based on different sorbent 
materials e.g. molecularly imprinted polymers (MIPs) and magnetic nanoparticles 
dispersive SPE, and different extraction process e.g. liquid-phase microextraction 
(LPME), solid-phase microextraction (SPME),  and stir-bar sorptive extraction (SBSE) 
have also been used for the extraction of antibiotics from aqueous samples (Jones-
Lepp, 2014). These methods have different advantages and drawback and thus have 
different applications. For example, the method of LPME extracts analytes by 
immersing a micro drop of a water-immiscible organic solvent in a larger volume of 
aqueous sample. This method is simple and efficient, cost-effective and provides 
excellent sample clean-up; however, it suffers from high detection limit (usually at 
ug/L level) in the detection of antibiotics due to a limited concentration factor 
compared to SPE (Mahugo-Santana, Sosa-Ferrera et al., 2011). Another example is 
the MIPs, which are artificially synthetic materials with molecular recognition sites 
able to specifically bind a target molecule based on shape matching and functionality 
interaction between the target molecules and imprinted cavity. MIPs are developed to 
overcome the lack of selectivity of traditional SPE method by imprinting specific 
types of molecules as template on the polymer; however, MIPs have yet been used to 
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simultaneously extract multiple classes of antibiotics (Turiel and Martín-Esteban, 
2010).  
The above-mentioned methods all focus on a pre-concentration process of 
analytes, and concentrated extracts were then injected into the LCMS system in small 
volume, e.g. typically around 10μl; however, large-volume-injection (LVI) of crude 
aqueous sample was once a prevalently-used method in the analysis of organic 
pollutants in early 2000s. In LVI, the maximum injection volumes are determined by 
injection assemblies consisting of syringe plungers and sample loops, making sure 
that the sample withdrawn by the syringe can be accommodated by the sample loop 
without hardware modification. Typically, sample volume from 20 μl to 5ml have 
been reported (Busetti, Backe et al., 2012). Direct injection of large volume sample 
eliminate large amount of time, materials, and labor required to generate the SPE 
extract but is companied with several drawbacks such as the arise of background 
contamination, complex matrix component without a clean-up process, the possibility 
that unwanted sample components such as salts and highly polar organic interferences 
might clog capillaries, and an increase in detection limit due to the lack of pre-
concentration process. Fortunately, the rapid increase in mass spectrometer sensitivity 
in recent years made possible that direct injection of smaller sample volumes could 
provide equivalent sensitivity as traditional SPE method, for example, Bayen et al. 
injected 20 μl of seawater to the LC/MS-MS system and achieved LOD of 0.16 – 26.2 
ng/L for seven antibiotics (Bayen, Yi et al., 2014); however, the capability of 
simultaneously analyzing more antibiotics of different classes with similar sensitivity 
using direct injection remains to be explored. 
Ultrasound-assisted extraction (UAE), microwave-assisted extraction (MAE) 
and pressurized liquid extraction (PLE) are three usually applied extraction methods 
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to extract antibiotics from soil. In the method of UAE, soil sample is mixed in proper 
solvent and extraction buffer and ultrasonication is applied to the mixture to break 
down solid substances and assist the extraction of organic compounds by organic 
solvent (Picó, 2013). In MAE, microwave energy is used to heat mixture of solvents 
and solid samples and to promote partition of the analytes from sample matrix into the 
solvent (Sanchez-Prado, Garcia-Jares et al., 2010). In PLE, which is also referred to as 
accelerated solvent extraction, solvent in contact with solid sample is maintained at 
elevated temperature and a certain pressure to enhance the mass transfer and 
dissolving of analytes in the mixture (Mustafa and Turner, 2011). Compared with 
MAE and PLE, UAE offers a simpler extraction procedure but requires longer 
analysis time. However, MAE and PLE are easier to operate due to the high degree of 
automation. The three methods requires similar amount of solvents, and exhibited 
similar analytical parameters with regard to sensitivity, selectivity, accuracy and 
precision. Therefore, selection of a technique is determined by price-related rather 
than analytical factors (Picó, 2013). 
2.2  Occurrence and sources of antibiotics in urban surface waters and urban 
soils  
With the growing concern of adverse impact of antibiotics on aqueous 
environment, a rapid increasing number of monitoring studies have been carried out 
world-widely in recent years to evaluate their occurrence and concentrations in urban 
aqueous systems, with an emphasis on waterbodies receiving treated or untreated 
waste water (Michael, Rizzo et al., 2013, Yan, Yang et al., 2013, Meffe and de 
Bustamante, 2014, Thomas, da Silva et al., 2014, Rodriguez-Mozaz, Chamorro et al., 
2015), surface runoff from land manure/sludge application (Chee-Sanford, Mackie et 
al., 2009, Joy, Bartelt-Hunt et al., 2013), and aquaculture farms (Zheng, Zhang et al., 
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2012, Xiong, Sun et al., 2015). Increases in antibiotic concentrations are usually 
observed in these waterbodies due to the direct impact of point source discharges, 
indicating that many antibiotics are not effectively removed by wastewater treatment 
processes and tend to persist in environmental waters. For example, average 
concentration of SMX in sewage or heavily sewage-impacted waters reached 1720 
ng/L in Vietnam, 802 ng/L in the Philippines, 538 ng/L in India, 282 ng/L in 
Indonesia, and 76 ng/L in Malaysia (Shimizu, Takada et al., 2013). In another study, 
chloramphenicols, sulfonamides, and macrolides were frequently detected in the 
Yangtze Estuary in China and higher concentrations were observed at the confluence 
of rivers (LHK and WSK) and the sewage effluent (BLG) than those in other coastal 
sites (Yan, Yang et al., 2013). 
On the other hand, limited information is available in urban waters under no 
exposure of treated/untreated wastewater, while pharmaceuticals could still be present 
in such environments. A study on the watersheds of South-East Queensland, Australia 
reported that the total investigated antibiotic concentration within the Nerang River in 
the absence of wastewater discharge was significantly lower than all other rivers 
sampled, suggesting that wastewater discharge is a dominant source of antibiotics to 
surface waters (Watkinson, Murby et al., 2009). In another study of surface waters 
along the Cache la Poudre River, Colorado, U.S.A., no antibiotics were detected at the 
pristine site in the mountains without anthropogenic influence, and six antibiotics 
were found in the samples in the urban areas impacted by wastewater discharge (Yang 
and Carlson, 2003). Additionally, one EU-wide survey sampled both contaminated 
and pristine rivers and streams and tested 38 organic persistent pollutants but included 
only one antibiotic sulfamethoxazole (Loos, Gawlik et al., 2009). In contrast, 
pharmaceuticals including chloramphenicol, ibuprofen and naproxen were reported in 
low part per trillion level in an urban catchment under no influence of effluent in 
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Singapore (Xu, Luo et al., 2011). Despite that, no comprehensive studies on urban 
surface water under no direct discharge of treated/untreated wastewater have been 
conducted previously. 
In addition to surface waters, soils are prone for antibiotic contamination from 
agricultural lands (Halling-Sørensen, Jacobsen et al., 2005) or lands under application 
of sewage sludge, animal manure or compost (Christian, Schneider et al., 2003, Zhu, 
Johnson et al., 2013). Soils after land application can contain antibiotics at μg/kg to 
mg/kg levels, which might affect soil microbial communities to promote antibiotic 
resistance. However, the occurrence of antibiotics in urban soils without impact of 
treated wastewater has not been reported previously either. 
2.3  Anthropogenic and environmental factors that affect antibiotic resistance 
Anthropogenic pressure is believed to have driven the rapid dissemination of 
resistance determinants in natural environment. Anthropogenic factors are mainly 
referred to as the wide application of antibiotics as therapies in hospitals and for some 
non-therapeutic purposes in agricultural and veterinary activities. Human’s behavior 
in drug development and manufacturing, inappropriate drug prescription, misuse or 
overuse of antibiotics, defect in sanitation system construction, disinfectant usage are 
usually the major source for resistance to be developed (English and Gaur, 2010). The 
hospital effluent, WWTP, and agriculture soil that receives manure from animal 
wastes are several hot spots where resistant bacteria develop and enter the nature 
environments (Keen and Montforts, 2012). Residual antibiotics can also enter nature 
environments and select for resistance. 
The growing population has a significant impact on the development of 
antibiotic resistance. Bruinsma et al. sampled fecal samples of healthy volunteers 
from three cities with different population densities and found the Pearson’s 
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correlation coefficients between antibiotic consumption and prevalence of antibiotic 
resistance levels reached 0.86 to 1.00 (Bruinsma, Hutchinson et al., 2003), and 
indicated that both antibiotic consumption and the tendency of dissemination of 
antibiotic resistance, e.g. frequency of interpersonal contact contributed to the 
prevalence of antibiotic resistance. Another study by Van Eldere et al. included 
population density as a risk factor in both individual isolate-level model and postal 
code (geographic)-level model to describe multiple-class resistance in Streptococcus 
pneumoniae strains (Van Eldere, Mera et al., 2007). These studies indicated that 
population density was one important factor in the development of antibiotic 
resistance, but their studies focused only on clinical/community isolates, which may 
not represent the resistance levels in total microbial communities. However, no 
information is available in the literature on the connection between urban population 
density and antibiotic resistance in total microbial communities in environmental 
samples. 
 
Despite the selective pressure caused by antibiotics to the development of 
antibiotic resistance, the relationship between antibiotics and antibiotic resistance in 
environmental matrices has not been fully revealed. On one hand, positive 
correlations were observed between sulfamethoxazole and sulfamethoxazole-resistant 
bacteria in a city canal and aquaculture ponds in Vietnam (Hoa, Managaki et al., 
2011), and between resistance rates in isolated bacteria and antibiotic concentrations 
in Jiulong River estuary in China (Gillings, Boucher et al., 2008). One the other hand, 
no relationship between antibiotics and antibiotic resistant E. coli was observed in a 
wastewater treatment plant impacted river (Oberlé, Capdeville et al., 2012) or 
between multiple antibiotics and antibiotic resistance genes (ARGs) in three water 
supply reservoirs (except for that between macrolides and ermB) (Huerta, Marti et al., 
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2013). Although positive correlations between ARGs and antibiotics have been often 
reported in soil samples, these studies generally focus on hotspot soils such as 
agricultural soils with animal manure or compost application (Ji, Shen et al., 2012, 
Zhu, Johnson et al., 2013), and no previous studies have investigated the relationship 
between trace level natural antibiotics and antibiotic resistance despite their prevalent 
occurrence in soils (Martínez, 2008).  
The complexity of the correlations between antibiotic and antibiotic resistance 
is likely related with multitude factors in the environment and the limitations of the 
analytical tools used in these studies. Most existing studies adopted culture-based 
methods to identify antibiotic resistant bacteria (ARB) or qPCR to quantify ARGs 
(Gillings, Boucher et al., 2008, Hoa, Managaki et al., 2011, Ji, Shen et al., 2012, 
Oberlé, Capdeville et al., 2012, Huerta, Marti et al., 2013, Zhu, Johnson et al., 2013), 
but both methods have limitations. The commonly used techniques of measuring 
antibiotic resistance based on cultivable ARB is likely biased because the abundance 
of cultivable bacteria is usually less than 1% of total microbial community (Amann, 
Ludwig et al., 1995). Furthermore, other environmental factors, such as nutrients, 
could affect the occurrence of ARB, and therefore the correlation between ARB 
abundance and environmental antibiotics is difficult to detect. In addition, the 
abundance of ARGs does not always correlate to the concentration of corresponding 
antibiotics because many environmental factors could also contribute the selection of 
ARGs. For example, ARGs can be co-selected by heavy metals because of the genetic 
linkage between ARGs and other functional genes, such as heavy metal resistance 
genes (Baker-Austin, Wright et al., 2006). The genetic diversity of resistance genes 
may pose additional difficulties on the correlation analysis of ARGs and antibiotic 
concentrations. Conversely, phenotypic antibiotic resistance after the expression of 
ARGs might be more correlated to its corresponding antibiotic because the expression 
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of some ARGs can only be induced by specific antibiotics, for example, expression of 
glycopeptide resistance in enterococci can only be induced by the glycopeptide itself 
(Keen and Montforts, 2011). Therefore, quantification of phenotypic antibiotic 
resistance in total microbial community could be a better route to evaluate the 
correlation between antibiotic resistance and antibiotics in the environment. 
In addition to the direct selective pressure caused by antibiotics, chemical 
pollutions, such as disinfectants and heavy metals are another important factor that 
co-select for antibiotic resistance (Singer, Ward et al., 2006). For example, mercury 
resistance genes can be found in associate with mobile genetic elements that possess 
antibiotic resistance genes. A copper resistance gene was found to be linked with a 
virginiamycin resistance gene, and also erm(B) gene. Other heavy metals such as 
silver and zinc also co-select resistance to certain types of antibiotics (Baker-Austin, 
Wright et al., 2006). Furthermore, elevated levels of antibiotic resistance were found 
in metal-contaminated field streams (Stepanauskas, Glenn et al., 2005, Wright, Peltier 
et al., 2006) and freshwater microcosms amended with heavy metals (Stepanauskas, 
Glenn et al., 2006). In another study, the abundance of some tet genes and erm genes 
AGRs in randomly chosen soils correlates well with the amount of copper, while 
amount of other heavy metals including chromium, nickel and iron also correlate well 
with certain, but fewer types of resistance genes (Knapp, McCluskey et al., 2011).  
Environmental factors contribute to the resistance in nature as well. One 
reason that environmental factors may affect resistance is through changing the way 
antibiotics are used in a population. For example, it is possible that changes in the 
natural and physical environment such as temperature, climate, and emergence of 
pollution can lead to the emergence of diseases and subsequently the antibiotic 
prescription (Sahoo, Tamhankar et al., 2010). Basic physico-chemical properties of 
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the environment including UV, temperature, pH, soil composition, nutrition type and 
availability affect resistance. One study investigating the antibiotic resistance levels 
among gram-negative bacteria in natural lakes found some correlations of temperature 
and pH to the resistance levels against several usually used antibiotics. Dissolved 
oxygen and redox also showed some correlation with resistance in certain types of 
bacteria (Pontes, Pinheiro et al., 2009). Another study investigated how environment 
stress such as heat, cold, extreme pH and desiccation affect the sensitivity of a 
foodborne pathogen Cronobacter sakazakii. Generally change in pH and temperature 
will increase resistance of C. sakazakii to most, but not all, of the antibiotics tested, 
while treatment with desiccation led to an increase of its sensitivity to some 
antibiotics and a decrease to others (Al-Nabulsi, Osaili et al., 2011). Wide spread of 
antibiotic resistance were also found in extreme environments such as the high-
altitude Andean wetlands, with features like high UV radiation, high heavy metal 
content (mainly arsenic), high salinity and oligotrophy. Even though no strong 
correlation between antibiotic resistances and UV-B-induced mutagenic ability were 
found, the authors assumed that that there could be a co-distribution of metal and 
antibiotic resistances (Dib, Motok et al., 2008). 
Additionally, ARGs could originate from antibiotic-producing bacteria, are co-
existence of antibiotic biosynthesis pathways and resistance genes in natural bacteria 
were reported (Chater and Bruton, 1985, D’Costa, Griffiths et al., 2007). One theory 
to explain such a phenomenon is that ARGs can protect antibiotic-producing bacteria 
from self-destruction from their produced antibiotics, but this theory remains to be 
proven (Davies and Davies, 2010). Davelos et al. isolated Streptomyces from prairie 
soils and tested their antibiotic resistance abilities and inhibition abilities to other 
isolates, but did not find correlation between inhibition and resistance phenotypes 
(Davelos, Kinkel et al., 2004). The results suggested that antibiotic inhibitory and 
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resistance abilities within the soil microbial community are selected for independently, 
but the results remain inconclusive because of the potential effects of sample 
processing procedures, such as overnight drying and culturing with antibiotic 
amendment, on the resistance profiles. Although the mechanism of the development 
of ARGs coupled with natural antibiotic production has not been fully resolved, 
quantification of biosynthesis genes could provide an alternative approach to evaluate 
the potential production of natural antibiotics by indigenous bacteria in soils. One 
commonly studied biosynthesis gene is the polyketide synthase (PKS) gene, which is 
involved in the synthesis of polyketides. Type I PKS I genes encode polyketide 
synthases for the synthesis of type I polyketides, such as macrolides, and type II PKS 
genes encode polyketide synthases in the synthesis of aromatic molecules, such as 
tetracyclines. The quantification of natural biosynthesis genes can help reveal the 
source of naturally produced polyketides, but only very limited studies have been 




Chapter 3 Experimental Method 
 
3.1  Development and validation of a LC-ESI-MS/MS Method for Simultaneous 
Quantitation of Multiple Antibiotics in Urban Environmental Samples 
3.1.1  Chemicals and materials 
A total of 13 antibiotics were analyzed, which include four macrolide 
antibiotics (azithromycin, clarithromycin, erythromycin, tylosin), one lincosamide 
antibiotic (lincomycin), one chloramphenicol antibiotic (chloramphenicol), one 
polyether antibiotic (monensin), three sulfonamide antibiotics (sulfamerazine, 
sulfamethazine, sulfamethoxazole), two β-lactam antibiotics (amoxicillin, ceftiofur), 
and one nitrofuran antibiotic (furazolidon). The detailed information of these 
antibiotics is listed in Table A.1 in Supporting Information. Antibiotics and Supel
TM
 
HLB solid phase extraction (SPE) cartridges (60 mg, 3 mL) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Amoxicillin·3H2O (phenyl-
13
C6) and 
sulfamerazine (benzene-d4) were purchased from Alpha Analytical (Singapore), and 
erythromycin (N, N-dimethyl-
13
C2) and (+/-)-chloramphenicol (ring-d4, benzyl-d1) 
were purchased from Cambridge Isotope Laboratories (Andover, MA, USA). 
Individual stocks and calibration solutions were prepared in methanol and stored at -
20 ᵒC. Ammonium acetate and HPLC-grade acetonitrile and methanol were purchased 
from Merck (Darmstadt, Germany). EDTA tetrasodium dihydrate (Na4EDTA·2H2O) 
was purchased from Tokyo Chemical Industry (Tokyo, Japan). Laboratory reagent 
water was prepared in an ELGA Labwater water purification system (Wycombe, UK). 
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3.1.2  Sample collection 
Environmental samples were collected to calculate recovery, matrix effect and 
method detection limit. Surface waters were collected from rivers and canals with two 
2.5 L amber glass bottles rinsed two times with tap water, acetone, methanol, and 
deionized water before sampling. Soils were collected from river banks closely 
adjacent to the sampling points of waters. Top layer soils (< 10 cm) were collected 
with grass and plant roots removed using a methanol-rinsed shovel, and filled in 
methanol-rinsed wide mouth polyethylene bottles. 
3.1.3  Sample extraction and preparation 
Sample preparation procedure of both surface water samples and soil samples 
initially followed U.S. EPA method 1694, where the extraction of azithromycin, 
clarithromycin, erythromycin, lincomycin, tylosin, sulfamerazine, sulfamethazine, and 
sulfamethoxazole was performed at acidic condition (pH = 2). Detailed comparisons 
were conducted on sample extraction efficiencies under both acidic condition (pH = 2) 
and neutral condition (pH = 7). In addition, compounds not covered in EPA method 
1694 (chloramphenicol, monensin, amoxicillin, ceftiofur, furazolidon) were also 
included in this study. 
A total of 500 mL surface water sample from each sampling location was 
filtered with Millipore glass-fiber filters with 1.0 μm pore size. pHs of water samples 
were adjusted to 2.0 for acidic extraction, while no pH adjustment was performed for 
neutral extraction, as pHs of surface water samples were identified as neutral. Then 
water samples were spiked with 50 µL of internal standards (IS) solution (12.5 ng 
chloramphenicol-d5, 12.5 ng 
13
C2-erythromycin, 50 ng sulfamerazine-d4, and 256 ng 
of 
13
C6-amoxicillin·3H2O) and 500 mg Na4EDTA·2H2O, and extracted with Supel 
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HLB SPE cartridges pre-conditioned with 10 mL methanol and 6 mL reagent water. 
For acidic extraction, additional 6 mL of reagent water at pH 2.0 was applied in the 
pre-conditioning. After loading the samples, SPE cartridges were dried under vacuum 
for 5 min. Final compounds were eluted with 12 mL methanol in amber glass vials 
and dried under a stream of nitrogen and reconstituted with 0.3 mL methanol and 0.2 
mL 5 mM ammonium acetate.  
Soil samples were grinded and homogenized with a mortar and pestle, which 
was pre-cleaned with tap water and rinsed with acetone and methanol. One gram of 
grinded soil sample was spiked with 100 μL of IS solution. For acidic extraction, soils 
were extracted three times using sonication in 20 mL acetonitrile and 15 mL 
phosphate buffer. For neutral extraction, similar process was applied but 15 mL 
reagent water was used instead of 15 mL phosphate buffer. The extracts were 
concentrated by rotary evaporation at 40 °C, and diluted in 200 mL reagent water and 
500 mg Na4EDTA·2H2O. Then extracts were processed through SPE in a similar 
fashion as water samples and final compounds were reconstituted with 0.6 mL 
methanol and 0.4 ml 5 mM ammonium acetate. The final extracts were filtered with 
PTFE syringe filters with a pore size of 0.2 μm. 
3.1.4  LC/ESI/MS/MS analysis 
An Agilent 1290 Infinity HPLC system (Santa Clara, CA, USA) was used and 
sample separations were performed on a C18 column with a 50 mm x 2.1 mm column 
packed with 2.7 μm particles (Agilent Poroshell 120 SB-C18). Mobile phases 
consisted of 5 mM ammonium acetate buffer (phase A) and 1:1 acetonitrile/methanol 
(phase B) and a flow-rate of 0.5 mL/min was applied. A gradient program was 
initially set up with 90% phase A and 10% phase B for 0.5 min, followed with 40% 
phase B for 3.5 min, and increased to 100% phase B for 3 min, held at 100% phase B 
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for 3 min, and finally returned to initial condition over 0.1 min and held for 5 min. 
Mass analysis was carried out using an Agilent 6490 mass spectrometer (Santa Clara, 
CA, USA) equipped with Agilent Jet Stream electrospray technology. The triple 
quadrupole was operated in simultaneous positive and negative ionization modes. 
Multiple reaction monitoring (MRM) was used for quantitation. Two transitions, one 
quantifier and one qualifier, were monitored for all compounds. The operation 
parameters were set up as follows: capillary voltage: 4000 V; nebulizer pressure: 40 
psig; drying gas flow: 11 L/min; gas temperature: 220°C; sheath gas flow: 11 L/min; 
sheath gas temperature: 350°C; nozzle voltage: 0 V in positive and 1500 V in 
negative ion mode. Fragmentor voltages were set at 380 V. Collision energies and cell 
acceleration voltages were optimized for each compound (Table A.2). 
3.1.5  Quantitation 
Quantitation process mainly followed EPA method 1694. A seven-point 
calibration with a calibration range of 0.5 – 350 ng/mL was used for all compounds, 
except for amoxicillin (10 – 3000 ng/mL) due to its low sensitivity. IS were used in 
the following concentrations in each calibration point: 25 ng/ml chloramphenicol-d5, 
25 ng/mL 
13
C2-erythromycin, 100 ng/ml sulfamerazine-d4, 512 ng/ml for 
13
C6-
amoxicillin·3H2O. The labeled analog, or the labeled compound that gives highest 
recovery to a native compound if its labeled analog is not available, was used as 
internal standard for the native compound. Response factor (RF) was calculated for 
each native compound at each calibration point using Equation 2 (Englert, 2007): 
RF = An×Cis/(Ais×Cn)       (1) 
where Ais is the area of the daughter m/z of the internal standard, and Cis is the 
concentration of the internal standard (ng/mL). Linearity was accepted when the 
relative standard deviation (RSD) of RF was less than 20%, which was stricter than 
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the standard used by EPA method 1694 (RSD of RF < 35%). The concentration of 
each native compound in the final extract was calculated using Equation 2 (Englert, 
2007): 
Cex (ng/mL) = An×Cis/(Ais×RF)     (2) 
where Cex is the concentration of a native compound in the final extract. The 
quantitation was accepted when three criteria were met: (1) retention time was within 
±15 seconds of the respective retention time in the most recent calibration standard, (2) 
qualifier/quantifier ion  ratio was within ±20% of that obtained from the calibration 
standards, and (3) signal-to-noise ratio (S/N) at the LC peak value for each native 
compound at its daughter m/z must be greater than or equal to 3.0 for each compound, 
which is higher than the S/N ratio of 2.5 used in EPA method 1694. 
3.1.6  Sample recovery 
Spiking experiments were conducted to evaluate recovery in surface waters 
and soils. 500 mL waters were spiked with 200 ng/L amoxicillin or 20 ng/L other 
native compounds. One gram soil sample was spiked with 20 ng/g native compounds 
or 200 ng/g amoxicillin. Concentrations of compounds in the original water samples 
(Equation 3) and soil samples (Equation 4) were calculated as follows (Englert, 2007): 
Concentration in aqueous phase (ng/L) = Cex×Vex/Vs   (3) 
where Vex is the volume of final water extract in mL, and Vs is the volume in liters.  
Concentration in solid sample (ng/g) = Cex×Vex/Ws   (4) 
where Ws is the dry weight of soil sample in gram. Relative recovery was calculated 
using Equation 5:  
Relative recovery (%) = Concentration found/Concentration spiked × 100 
         (5) 
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The average and RSD relative recoveries were calculated from triplicate 
spiking experiments. Conditions with relative recovery above 150% or below 50% or 
with RSD above 30% were considered out of range (OOR) and unsuitable for the 
following LC/ESI/MS/MS analysis. Absolute recovery of IS was calculated using 
Equation 6: 
Absolute recovery (%) = Ais in sample/Ais in calibration standards × 100 
         (6) 
3.1.7  Matrix effect 
Triplicate samples were used to evaluate matrix effects. Final extracts were 
separated into two parts. One part (extract) was kept unchanged and the other part 
(extract’) was spiked with labeled compounds and native compounds at the 
concentration of CS7 (the seventh point of the calibration standard with 3000 ng/mL 
amoxicillin or 350 ng/mL other compounds). Absolute recoveries from matrix effect 
were calculated using Equation 7 and Equation 8.  
Absolute matrix recoveryn (%) = (An in extract’-An in extract)/An in CS7 × 100
         (7) 
Absolute matrix recoveryis (%) = (Ais in extract’-Ais in extract)/Ais in 
calibration standards × 100       (8) 
Signal suppression was calculated for both native compounds and isotope-
labeled IS following Equation 9. Relative recovery due to matrix effect was calculated 
using Equation 10: 
Signal suppression (%) = (100- Absolute matrix recovery) × 100 (9) 
Relative matrix recovery (%) = Absolute recovern/Absolute recoveryis × 100
          (10) 
49 
3.1.8  Detection limits 
Instrument detection limit (IDL) was calculated as three times the standard 
deviation of concentrations from seven injections of calibration blanks. To calculate 
method detection limit (MDL), seven replicates of surface water and soil reference 
matrix were spiked with IS and processed through the sample preparation procedure. 
Soil reference matrix was prepared by washing playground soil repeatedly with 
acetonitrile and sonication (Englert, 2007). MDL is calculated as three times the 
standard deviation of the concentrations from the seven replicates. 
3.2  Sampling identification and sample collection 
A total of 50 sampling sites were identified in major water bodies in Singapore 
covering major land use types: residential areas (n = 23), urban parks (n = 9), open 
spaces (n = 5), industrial areas (n = 6), commercial areas (n = 2), agricultural lands (n 
= 2) and unused lands reserved for future development (n = 3). Designation and 
definition of the land use types followed Master plan 2008 developed by Singapore 
Urban Redevelopment Authority (Singapore Urban Redevelopment Authority, 2008). 
Open space refers to natural reservoirs under protection. Reserved sites are areas 
reserved for future development and their specific use has yet to be determined. These 
two land use types are featured with relatively belated urban development, great 
abundance of natural greenery, and minimum extent of human activities. In contrast, 
commercial, residential, and agricultural sites are areas used or intended to be used for 
the corresponding purposes. The other land use type, “industrial area”, refers to areas 
used or intended to be used for clean industry, light industry, general industry, 
warehouse, public utilities, telecommunication uses, other public installations, and 
50 
special industries, such as manufacturers of industrial machinery, shipbuilding, and 
repairing. 
Two sampling events were carried out to collect environmental samples. 
Sampling event 1 was between November 2011 and January 2012 and sampling event 
2 was in December 2012. Water samples for microbiological analysis were collected 
from the surface of water bodies with 1 L sterilized polyethylene bottles and water 
samples for antibiotic analysis were collected with 2.5 L amber glass bottles, which 
had been rinsed two times with tap water, acetone, methanol, and deionized water 
before sampling. Soil samples were collected from river banks closely adjacent to the 
water bodies, where the surface water samples were collected. Top layer soils (< 10 
cm) were collected with grass and plant roots removed using a methanol-rinsed shovel 
and then filled in methanol-rinsed wide mouth polyethylene bottles. At each sampling 
site, soil samples were collected from three different locations and homogeneously 
mixed. Both water and soil samples were stored on ice and transferred to the 
laboratory in dark within four hours for the following analyses. 
3.3  Real-time PCR experiment 
3.3.1  DNA extraction  
Water samples were filtered through 0.45 μm cellulose acetate filter 
membranes upon their arrival to the laboratory. The filters were then stored at -80 C̊ 
before they were extracted. Water samples were extracted using the PowerWater™ 
DNA Isolation Kit (MO BIO, CA, USA) following the recommended protocol.  
Soil samples were stored at -80 ̊C before they were extracted. Total genomic 
DNA of soil samples was extracted using the Power Soil DNA Isolation Kit (MoBio 
Laboratories, CA, US) following the recommended protocol.  
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Quality and concentration of DNA was measured with NanoDrop ND-1000 
(BioFrontier Technology Co., Germany) and then stored at -20
o
C until following PCR 
experiments. 
3.3.2  Quantification of ARGs and biosynthesis genes with real-time PCR  
The erm genes were selected as representative ARGs based on their wide 
occurrence in the environment and medical significance. Among the 36 erm genes 
that have been discovered and designated based on their similarity at the amino acid 
level (Koike, Aminov et al., 2010), a total of 12 erm genes were selected for detection 
in this study because of their relatively high detection frequencies in surface waters 
and ground waters (Böckelmann, Dörries et al., 2009, Graham, Olivares-Rieumont et 
al., 2010, Stoll, Sidhu et al., 2012), lagoons (Koike, Aminov et al., 2010), soils 
(Jensen, Agersø et al., 2002, Popowska, Rzeczycka et al., 2012), and wastewater 
(Negreanu, Pasternak et al., 2012). Polyketide synthesis (PKS) genes were selected to 
represent biosynthesis genes as they are able to encode the natural production of 
macrolides, such as erythromycin that are directly related to erm genes. 
The detailed information about the real-time PCR primers for the targeted erm 
genes, polyketide synthase genes, and 16S rRNA gene were listed in Table 3.1. Real-
time PCR experiments were performed in a StepOne Plus Real-Time PCR system 
(Applied Biosystem, CA, US). Real-time PCR reaction was performed with SYBR 
Select Master Mix (Applied Biosystem, CA, US) in a 20 μl reaction mixture 
containing 200 nM primer and 3 μl template. Soil DNA samples were diluted to a 
concentration of 40-50 ng∙μl-1 as template. Recommended temperature program of 
SYBR Select Master Mix was adopted from the manufacture’s manual, which 
consisted of a 2-min UDG activation step at 50°C, a 2-min initial denaturing at 95°C, 
followed by 40 cycles of 15 s at 95°C and 1 min at the annealing temperature. For all 
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primer sets, the annealing temperature of 60°C was used, except that annealing 
temperatures of 62°C and 64°C was used for PKSI-FW/PKSI-RV and PKSII-FW/ 
PKSII-RV, respectively (Le, Sivachidambaram et al., 2014).  
To generate positive controls for calibration, target genes from the water DNA 
were amplified using conventional PCR. The PCR products were then analyzed by gel 
electrophoresis to confirm their quality and sizes. PCR products with the right sizes in 
the gel were extracted using the QIAquick Gel Extraction Kit (Qiagen, Hilden, 
Germany) and then stored at -20°C
 
until following PCR experiments. Before each 
experiment, concentrations of the PCR standards were quantified with NanoDrop ND-
1000, and the gene copy numbers was calculated as described previously (Godornes, 
Leader et al., 2007). Absolute gene abundance was calculated in gene copies per liter 
water, and relative gene abundance was normalized to 16S rRNA gene copy numbers. 
Ten-fold serial dilutions of standards were used as calibration curves, covering six 
orders of magnitudes concentration from 1 to 10
6
 copies per reaction. Correlation 
coefficients were above 99% for all calibration curves. The limit of detection (LOD) 
of each gene was determined by testing five replicates of serial dilution of PCR 
standards and defined as the last serial concentration that yielded positive signals on 
all five replicates (i.e., probability to test positive above 50%) (Caraguel, Stryhn et al., 
2011). The LODs for ermA, ermB, ermC, ermD, ermF, ermG and ermT were 8, 2, 2, 1, 
4, 2 and 1 copies per 20 μl reaction, respectively. LODs of ermX, ermY, erm32, erm34, 
and erm35 were not calculated because no positive signal was detected in water 
samples. Triplicate samples were tested for each sample and each dilution of 
standards for quantification. Triplicate of no template control was used in each plate 
to evaluate if positive detections in samples were from contamination.  
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Primer Sequence (5'-->3') Reference 
ermA ermA-FW
a





ermB ermB-FW GGTTGCTCTTGCACACTCAAG (Koike, Aminov 
et al., 2010) ermB-RV CAGTTGACGATATTCTCGATTG 
ermC ermC-FW AATCGTGGAATACGGGTTTGC (Koike, Aminov 
et al., 2010) ermC-RV CGTCAATTCCTGCATGTTTTAAGG 
ermD ermD-FW GTTTGATATTGGCATTGTCAGAGA
AA 
(Zhu, Johnson et 
al., 2013) 
ermD-RV ACCATTGCCGAGTCCACTTT 
ermF ermF-FW TCGTTTTACGGGTCAGCACTT (Knapp, Zhang 
et al., 2010) ermF-RV CAACCAAAGCTGTGTCGTTT 
ermG ermG-FW GTGAGGTAACTCGTAATAAGCTG (Koike, Aminov 







ermX ermX-FW GCTCAGTGGTCCCCATGGT (Zhu, Johnson et 
al., 2013) ermX-RV ATCCCCCCGTCAACGTTT 
ermY ermY-FW TTGTCTTTGAAAGTGAAGCAACAG
T 




erm32 Erm32-FW GTGTCCTGGAGGAGTTCGAG (Koike, Aminov 
et al., 2010) Erm32-RV AGCGGAAGTGTGTCCCATAC 
erm34 Erm34-FW GCGCGTTGACGACGATTT (Zhu, Johnson et 
al., 2013) Erm34-RV TGGTCATACTCGACGGCTAGAAC 
erm35 Erm35-FW TTGAAAACGATGTTGCATTAAGTC
A 








m et al., 2014) PKSI-RV CGCCCAGCGGGGTGSCSGTNCCGT
G 
PKSII gene PKSII-FW CCACCCGCTACGSSBHCCACA (Le, 
Sivachidambara





EUB-338Fw ACTCCTACGGGAGGCAGCAG (Wright, Baker-




 FW, forward; RV, reverse
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3.4  Fluorescence in situ hybridization (FISH) 
3.4.1  Sample fixation  
Both water and soil samples were fixed within 24 hours after collection. 
Water samples were first condensed with repeated centrifugation to 
accumulate enough biomass. Two fixatives (ethanol (EtOH) or 
paraformaldehyde (PFA)) were applied to each sample. Fixation by EtOH was 
performed by incubating the mixture of 0.3 ml condensed water sample with 
0.3 ml EtOH or 0.1 gram soil sample with 1 ml EtOH on ice for 2 hours, 
collecting biomass by centrifugation, and storing the biomass in PBS:EtOH 
buffer at -20ᵒC. Fixation by PFA was performed by incubating the mixture of 
0.3 ml condensed water sample with 0.9 ml 4% PFA or 0.1 gram soil with 1 
ml 4% PFA at room temperature for 30 minutes, washing twice with PBS 
buffer, and storing the biomass in PBS:EtOH buffer at -20ᵒC. As preliminary 
results from the two fixation methods showed no significant difference in the 
overall bacterial abundance and MLSB resistance levels (data not shown), only 
results from EtOH fixation were used in the following experiments.  
3.4.2  Quantification of phenotypic antibiotic resistance to MLSB antibiotics  
The FISH experiment to measure phenotypic antibiotic resistance to 
MLSB antibiotics has been described by Zhou et al (Zhou, Pons et al., 2007). 
Microscope slides were coated with gelatin to improve the cell adhesion to the 
glass (Amann, Krumholz et al., 1990). Five microliter of diluted samples was 
transferred to each well for subsequent hybridization process. Soil samples 
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were first diluted in 1×PBS buffer, sonicated, and filtered through 0.22 µm-
pore-size polycarbonate membranes (GE Water & Process Technologies, 
Trevose, PA). Cells were transferred from the filters to slides, as described 
previously (Zhou, Pons et al., 2007). Sequences and hybridization conditions 
of FISH probes are listed in Table 3.2. Hybridization and washing 
temperatures of 46°C and 48°C were applied for all phylogenetic probes while 
the MLSB probe was hybridized and washed at 37°C. FISH slides were 
observed on an Olympus BX51 microscope equipped for both light and 
fluorescence microscopy (Olympus, Tokyo, Japan) under appropriate filter 
sets. FISH experiments were performed with at least triplicates. The maximum 
and mean fluorescence intensities hybridized cells were analyzed using the 
image analysis software Visilog (version 6; Noesis, Les Ulis, France), as 
described previously (Zhou, Pons et al., 2007). 
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12.5 NA  97.5 GGG TCT TTC 
CGT C 



















20 73.7 85.5 GCA GCC 
ACC CGT 
AGG TGT 








20 94.4 53.3 GCT GCC 
ACC CGT 
AGG TGT 




Cy3 Alphaproteobacteria 16S 
rRNA 
20 49.1 51.4 CGT TCG YTC 
TGA GCC AG 
(Manz, Amann 
et al., 1992) 
BET42a L-C-bProt-
1027-a-A-17 
Cy3 Betaproteobacteria 23S 
rRNA 
35 90.9 72.9 GCC TTC CCA 
CTT CGT TT 
(Manz, Amann 
et al., 1992) 
GAM42a L-C-gProt-
1027-a-A-17 
Cy3 Gammaproteobacteria 23S 
rRNA 
35 87 99.9 GCC TTC CCA 
CAT CGT TT 
(Manz, Amann 
et al., 1992) 
DELTA495a S-C-dProt-
0495-a-A-18 
Cy3 Deltaproteobacteria 16S 
rRNA 
35 58.5 78.3 AGT TAG 
CCG GTG CTT 
CCT 
(Loy, Lehner et 
al., 2002) 
CFB563 pB-00046 Cy3 Flavobacteria 16S 
rRNA 








Cy3 Bacteroidaceae 16S 
rRNA 




et al., 1996) 
CFX1223 pB-00719 Cy3 Chloroflexi 16S 
rRNA 
35 80 94.1 CCA TTG TAG 





























MG al., 2002) 
Chls-0523 S-O-Chls-
0523-a-A-18 
Cy3 Chlamydiales 16S 
rRNA 




et al., 2002) 
HoAc1402 S-*-HoAc-
1402-a-A-18 
Cy3 Acidobacteria 16S 
rRNA 




et al., 2002) 
LGC354 LGC354 
A/B/C 
Cy3 Firmicutes 16S 
rRNA 
35 90.2 98 YSG AAG 
ATT CCC TAC 
TGC 
(Meier, Amann 
et al., 1999) 
PLA46 S-P-Planc-
0046-a-A-18 
Cy3 Planctomycetales 16S 
rRNA 
30 56.5 61.9 GAC TTG CAT 
GCC TAA TCC 
(Neef, Amann et 
al., 1998) 
a
 % formamide: the percentage of formamide in the hybridization buffer for optimal hybridization conditions in FISH experiments  
b
 Specificity, the percentage of probe matched sequences within the target organism over the total number of probe matched sequences. Source: SILVA 
ribosomal RNA gene database project (http://www.arb-silva.de/, accessed on 14 December 2013). NA, not available. 
c 
Coverage, the percentage of probe matched sequences within the target organism over the total number of sequences in the target organism. Source: SILVA 
ribosomal RNA gene database project (http://www.arb-silva.de/, accessed on 14 December 2013).  
d
 MLSB-sensitive bacteria are defined as all bacteria that contain G2057 and are unmethylated at position A2058. 
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Dual-labeling hybridization with phylogenetic probes and MLSB probe 
was performed in all samples to analyze the level of MLSB antibiotic 
resistance in specific phylogenetic group and calculated as follows: MLSB 
resistance/phylogenetic group (%) = (1 - number of MLSB probe-hybridized 
cells/number of phylogenetic probe-hybridized cells)×100. were selected to do 
microbial community analysis. Results in preliminary experiments showed 
that there was no significant differences (< 3.3%) between the coverage of 
bacteria using EUB338 probe alone and EUB338 probe mixture (EUB338, 
EUB338 II, and EUB338 III), only EUB338 was used in the following 
experiments. Dual-labeling hybridization with phylogenetic probes and 
EUB338 probe was performed in three representative water samples and three 
soil samples to analyze microbial community compositions and the relative 
abundance of specific phylogenetic group was calculated as follows: 
phylogenetic group/bacteria (%) = number of phylogenetic probe-hybridized 
cells/number of EUB338 probe-hybridized cells×100. The contribution of 
MLSB resistance in each phylogenetic group to the overall MLSB resistance 
was calculated as follows: MLSB resistance/phylogenetic group 
(%)×phylogenetic group/bacteria (%).  
3.5  Environmental factors  
Water samples were filtered through 0.45-μm pore-sized cellulose 
acetate syringe filters and total organic carbon (TOC) was measured with a 
Shimadzu TOC-5000A Analyzer system (Shimadzu, Kyoto, Japan). Water 
samples were also filtered through 0.20-μm pore-sized PTFE syringe filters 












) were analyzed with a column Ionpac 
AS11-HS (Dionex) coupled with a guard column AG12A (Dionex). NH4
+
 ion 
was tested with the low range AmVer™ Salicylate Test 'N Tube™ kit (Hach, 
CO, USA). Phosphorus was tested using the Persulfate Digestion Method 
following USEPA method 365.1 (O'Dell, 1993). Metals in the water samples 
were analyzed following USEPA method 200.7 with an Optima 7300 DV 
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 
system (PerkinElmer, Waltham, MA, USA) (Maxfield, Mindak et al., 1985).  
Soil samples were air dried, crushed with a mortar and pestle, and 
sieved through a 1.0 mm pore diameter sieve. Nitrogen species ions were 
extracted from soils via aqueous extraction (Jackson, 2000). Briefly, two 
grams dried soil sample was mixed with 20 ml deionized water. The slurry 
was sonicated for 30 min using an ultrasonicator (Cole-Parmer, Chicago, IL, 
USA), then centrifuged and filtered through a 0.20-μm pore-sized PTFE 
syringe filter. The soil extracts were injected to ion chromatography for ion 
analysis. Procedure blanks were prepared in every batch to avoid 





) were analyzed with a column Ionpac AS11-
HS (Dionex) coupled with a guard column AG12A (Dionex). For the anlaysis 
of NH4
+
, a column IonPac CS12A (Dionex) coupled with a guard column of 
AG12A (Dionex) was used. Sample preparation and analysis was done in 
duplicates. Inorganic ortho-phosphate was tested as a representative of nutrient 
contents. Sodium bicarbonate solution at pH of 8.5 was used to extract 
phosphorus from 2.5 g air dried soil samples. Quantification of orthophosphate 
in the extract followed standard protocol of ammonium molybdate-antimony 
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potassium tartrate-ascorbic acid method (Schoenau and O’Halloran, 2008). 
TOC was determined using colorimetric method following the protocols 
described in reference (Motsara and Roy, 2008). Metals were extracted from 
soils using microwave-assisted acid digestion following EPA method 3051 
(USEPA, 2007). Briefly, 0.5 g dried and grinded soil sample was weighted to 
a perfluoroalkoxy alkane digestion vessel and mixed with 10 ml concentrated 
nitric acid. The digestion vessels were sealed and placed in the carousel in the 
ETHOS One microwave digestion system (Shelton, CT, USA) according to 
the manufacturer's recommendation. The following microwaving program was 
applied: the temperature was increased to 175 ᵒC in less than 5.5 min and kept 
at 175 ᵒC for 10 min. The digested samples were then cooled and diluted 20 
times in a 50 ml centrifuge tube with deionized water, then centrifuged and 
filtered through 0.20-μm pore-sized membrane syringe filters. Sample 
preparation and analysis was done in duplicates. The filtrates were analyzed 
using the Optima 7300 DV Inductively Coupled Plasma-Optical Emission 
Spectroscopy (ICP-OES) system (PerkinElmer, Waltham, MA, USA). The 
analysis process following the US EPA method 6010C (USEPA, 2007). A 
total of 14 metal elements were tested including Na, Mg, K, Ca, Cr, Mn, Co, 
Ni, Cu, Zn, Cd, Ga, Pb, and As. Multi-element standard was purchased from 
Merck (Darmstadt, Germany). Calibration blank was prepared by acidifying 
reagent water to the same concentrations of the acids in the samples (3.5% 
nitric acid). Calibration standards were freshly prepared before analysis by 
diluting the stock solution with 3.5% nitric acid solution. Method blanks were 
prepared in every batch to avoid contamination. Spiking experiments at 
spiking level of 0.02 and 0.2 mg/g dry wt were conducted to evaluate the 
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accuracy of analysis. The accuracy between 70% and 130% was achieved for 
all elements.  
3.6  Calculation of human population density  
The Singapore Urban Redevelopment Authority (URA) has divided the 
land of Singapore into 55 planning areas with each planning area further 
divided into a certain number of subzones.  The information on population at 
each subzone was extracted from the Singapore Department of Statistics 
(Wong, 2012). With the information on land area and population in each 
subzone, an average population density (residents/km2) in each subzone was 
calculated. To estimate the weighted average population density at each 
sampling site, several circles centered on the sampling site with different 
radiuses (100 m, 300 m, 500 m, and 1000 m) were drawn (Figure 3.1a). If 
multiple subzones were covered in the circle, the contribution of population 
from each subzone was taken into consideration (Figure 3.1b). The weight of 
each subzone covered in the circle was calculated as the percentage of 
encircled subzone land area over the total area of the circle. A weighted 
average population density at a sampling point was calculated by summing up 
the products of subzone population density multiplied by the weight of each 





Figure 3.1 Example of calculating human population density 
(a). Boundaries with different radiuses to calculate population density. (b). 
Example of calculating weighted average population density with a 1000m 
radius as boundary. Pweighted average=Psubzone1×Asubzone1/Acircle+ 
Psubzone2×Asubzone2/Acircle + Psubzone3×Asubzone3/Acircle, where P is population 
density and A is land area.  
 
Because of the high heterogenicity of environmental samples, 
population densities in this study were further divided into classes to evaluate 
the overall trends. The population classed followed the recommended 
classification of localities by size class from the United Nations (Statistical 


























. The sampling sites in this study fell into 
six classes, with 20 sampling sites falling in the class of <200 residents/km
2
 
and two sampling sites falling in 1,000-1,999 residents/km
2
. The sampling 
sites in these two classes include natural reservoirs, urban parks, and reserved 
sites for future development, agriculture areas, industrial and commercial 
areas. Five sampling sites were in the class of 2,000-4,999 residents/km
2
 and 
six were in the class of 5,000-9,999 residents/km
2














mainly contain lightly-populated residential areas and urban park areas close 
to residential buildings. Thirteen sampling sites were in the class of 10,000-
19,999 residents/km
2
 and were mainly residential areas and a few urban parks. 
Five sampling sites were in the class of 20,000-49,999 residents/km
2
 and were 
heavily populate residential areas. The average values of population density of 
each class, i.e., 100, 1500, 3500, 7500, 15,000 and 35,000 residents/km
2
 were 
used in the following statistical analyses. 
3.7  Data analysis and statistics 
Antibiotic concentrations were reported as average values from two 
replicates, in units of ng/L in surface waters and ng/g dry weight (wt.) in soils. 
Half-range values were calculated from duplicate measurements and used as 
error bars. One-way analysis of variance (ANOVA) tests were conducted to 
analyze antibiotic concentrations among different land use types. Student t-
tests were performed for two sample comparisons.  
Gene abundance was reported in both absolute and relative abundance. 
Absolute gene abundance was reported as average ± standard deviation from 
three replicates, in units of copies/L for water samples and copies/g dry wt for 
soil samples. Relative gene abundance was the concentration normalized to 
16S rRNA gene copy number for water samples and was the concentration 
normalized to the mass of DNA, in units of copies/ng DNA, in soil samples. 









16S, where σ is standard deviation 
and µ is average value. ANOVA tests were performed to analyze difference of 
gene abundance among different land use types. Box-and-whisker plots were 
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drawn using Origin 9.0 (OriginLab, Northampton, MA). Principal component 
analysis was conducted to analyze the correlations between ARGs and 
multiple impacting factors. For genes under detection limit, the value of 
LOD/2 was used in statistical analysis. 
Overall MLSB resistance was measured at least in triplicates and all 
reported data were calculated as average values ± standard errors. For 
microbial composition analysis, the experiments were performed in duplicates 
and results were reported as average values ± half ranges. Comparison of 
MLSB resistance levels between different land use types was performed using 
Tukey Test at a significance level of 0.05. Pearson correlation analyses were 
carried out using Origin 9.0. 
To analyze the influence of population density on the environmental 
concentrations of antibiotics and antibiotic resistance, sampling sites was 
divided into groups based on their weighted average population densities. 
Linear regression was performed between average antibiotic concentrations or 
antibiotic resistance levels and population densities in each group. ANOVA 
test was used to assess the significance of linear regression as well as the 
significance of difference in antibiotic concentrations or antibiotic resistance 
levels among different groups of sampling sites. Difference of means was 
considered significant at a P value of < 0.05. 
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Chapter 4 Occurrence and Concentrations of 
Antibiotics in Urban Surface Waters and Soils without 
Impacts of Treated Wastewater Discharge 
 
4.1  Validation of the LC-ESI-MS/MS method  
4.1.1  Optimization of sample extraction 
The recovery results of IS and native compounds indicate that recovery 
of antibiotics is significantly affected by pH. Although 
13
C6-amoxicillin and 
sulfamerazine-d4 were extracted relatively well under acidic conditions, 
recovery of chloramphenicol-d5 and 
13
C2-erythromycin were significantly 
improved under neutral condition (Table 4.1). The recovery results of native 
compounds (Table 4.2) further indicate that macrolides, lincomycin, 
chloramphenicol, and monensin were better extracted under neutral condition 
than acidic condition, except similar recovery results were observed for 
chloramphenicol in soils. In contrast, recovery of sulfonamides, β-lactams, and 
furazolidon under acidic condition were always higher than those under 
neutral condition, except that similar recovery were observed for 
sulfamerazine in surface waters.  
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C6 12.7 (6.4) 5.2 (4.8) 7.0 (4.1) 13.4 (8.8) 
chloramphenicol-d5 48.4 (11.4) 73.4 (16.4) 70.3 (12.2) 96.6 (5.6) 
erythromycin-
13
C2 2.8 (1.0) 40.7 (7.1) 0.6 (0.3) 38.9 (7.8) 
sulfamerazine-d4 40.3 (10.6) 0.8 (1.1) 37.5 (10.2) 0.3 (0.1) 
a
 Results were calculate from 10 samples (n=10). 
 
Table 4.2 Selection of isotope-labeled internal standard and percentage of average (relative standard deviation) recovery 






















 72.4 (4.7) OOR
b












 73.1 (13.1) OOR
b
 130.2 (5.0) 
erythromycin erythromycin-
13














 118.1 (6.5) OOR
b
















 117.5 (26.5) 
chloramphenicol chloramphenicol chloramphenicol-d5 112.1 (18.9) 92.1 (5.3) 127.5 (27) 128.5 (16.1) 
polyether monensin chloramphenicol-d5 OOR
b
 114.0 (6.2) OOR
b
 128.7 (24.1) 
sulfonamides sulfamerazine sulfamerazine-d4 73.3 (6.1) 93.0 (24.5) 127.7 (10.8) 122.8 (1.5) 
sulfamethazine sulfamerazine-d4 108.5 (13.5) OOR
b
 87.9 (12.2) OOR
b
 
sulfamethoxazole chloramphenicol-d5 110.7 (8.7) OOR
b





C6 57.2 (15.8) OOR
b
 63.8 (16.6) OOR
b
 
ceftiofur chloramphenicol-d5 80.7 (13.6) OOR
b
 123.7 (13) OOR
b
 
nitrofuran furazolidon sulfamerazine-d4 127.3 (17.6) OOR
b




 Results were calculate from triplicates (n=3). 
b
 OOR: out of range, i.e., relative recovery is either above 150% or below 50%, or relative standard deviation is above 30%. 
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The effect of pH on extraction efficiency observed in this study is 
consistent with several previous studies (Castiglioni, Bagnati et al., 2005, Hao, 
Lissemore et al., 2006, Hernández, Sancho et al., 2007, Kim and Carlson, 
2007). Brown et al. also reported that acidic pH gave better recoveries for 
acidic compounds while basic pH gave better recovery for basic compounds 
(Brown, Kulis et al., 2006). However, Hao et al. reported that the recovery of 
sulfamerazine and sulfamethazine under neutral conditions (68% - 74%) were 
higher than those under acid conditions (23% - 26%) in surface water samples 
collected in Grand River in Canada (Hao, Lissemore et al., 2006). 
The impact of pH values on extraction efficiencies of antibiotics can be 
explained by their acid dissociation constant (pKa) values. For example, the 
pKa values of macrolides and lincomycin range between 7.6 and 9.0 (Table 
A.1) and they are better extracted under neutral condition. Erythromycin 
contains a basic dimethylamine [–N(CH3)2] group that is able to gain a proton 
(Figure A.1). Under acidic condition, erythromycin forms a cation. With an 
increase in pH, more erythromycin molecules changed to neutral form, 
resulting in higher retention on the SPE cartridges, where hydrophobic 
interaction is the dominant retention mechanism. Conversely, a sulfonamide 
antibiotic contains one basic amine group (–NH2) and one acidic amide group 
(–NH–) (Figure A.2) that correspond to two pKa values (Table A.1). 
Sulfonamides tend to exist as cations at pH below their pKa,1 values (1.9-2.3), 
and an increase in pH above 2.0 would increase the portion of sulfonamides to 
exist as neutral molecules. However, further increase of pH above their pKa,2 
values (5.4-7.5) would change the neutral forms of molecules to anions, which 
would result in low extraction in SPE cartridges. After the initial pH 
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adjustment, the later added chelating agent Na4EDTA could increase the pH 
(from 2.0 to 2.8 and from 7.0 to 10.0 as tested) by uptaking protons as 
conjugate base. The extraction efficiencies of chloramphenicol at both acid 
and neutral conditions are similar, which is consistent with that 
chloramphenicol has a pKa value of 11.03, generating no difference under 
acidic and neutral conditions. β-lactams form carboxyl acids [-COOH] under 
acid condition and carboxyl groups [-COO
-
] under neutral conditions. The pKa 
values of amoxicillin (2.4) and ceftiofur (3.7) are both below 7, suggesting 
that they can be better extracted under acidic conditions, which are consistent 
with our results. The pKa value of monensin is 7.95 and monensin is better 
extracted under neutral condition with its adsorption to the lipophilic 
adsorbent of SPE cartridge (Hao, Lissemore et al., 2006). 
The choice of SPE cartridges also affects recovery, which explains the 
different extraction efficiencies between Hao’s study and ours (Hao, 
Lissemore et al., 2006). Hao et al. used Waters HLB SPE, which consists of 
an adsorbent with equal ratio of hydrophilic and lipophilic portion; while in 
our study, retention on the Supel HLB SPE cartridges is predominantly based 
on reverse phase (hydrophobic) interaction.  
The optimized extraction conditions and IS are summarized in Table 
4.3. The results indicate that chemical similarity, properties such as pKa and 
octanol-water partition coefficient (Kow) should be considered for the selection 
of appropriate IS. An isotope-labeled analog is usually the best choice to be 
used as IS. For example, amoxicillin, erythromycin, chloramphenicol and 
sulfamerazine, were well compensated with their own isotope-labeled 
compounds.  However, the application of isotope-labeled compounds is limited
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Table 4.3  Optimized extraction conditions and internal standards 
Category Compound pKa
a
 Surface Waters  Soils 
Extraction 
Condition 
Internal Standards  Extraction 
Condition 
Internal Standards 
macrolides azithromycin 8.74 Neutral  erythromycin-
13
C2  Neutral  erythromycin-
13
C2 
clarithromycin 8.99 Neutral erythromycin-
13
C2  Neutral erythromycin-
13
C2 
erythromycin 8.9 Neutral erythromycin-
13
C2  Neutral erythromycin-
13
C2 
tylosin 7.73 Neutral erythromycin-
13
C2  Neutral erythromycin-
13
C2 
lincosamide lincomycin 7.6 Neutral erythromycin-
13
C2  Neutral chloramphenicol-d5 
chloramphenicol chloramphenicol 11.03
b
 Neutral chloramphenicol-d5  Neutral chloramphenicol-d5 
polyether monensin 7.95
c
  Neutral chloramphenicol-d5  Neutral chloramphenicol-d5 
sulfonamides sulfamerazine 2.06/6.90
d
 Acidic sulfamerazine-d4  Acidic sulfamerazine-d4 
sulfamethazine 2.65/7.65 Acidic sulfamerazine-d4  Acidic sulfamerazine-d4 
sulfamethoxazole 1.6/5.7 Acidic chloramphenicol-d5  Acidic chloramphenicol-d5 
β-lactams amoxicillin 2.4/7.4/9.6
e
  Acidic amoxicillin•3H2O-
13
C6  Acidic amoxicillin•3H2O-
13
C6 
ceftiofur 3.7 Acidic chloramphenicol-d5  Acidic chloramphenicol-d5 
nitrofuran furazolidon NA
f
 Acidic sulfamerazine-d4  Acidic sulfamerazine-d4 
a 
Value obtained from U.S. National Library of Medicine: http://toxnet.nlm.nih.gov/. 
b 




(Pichon, Cau Dit Coumes et al., 1996)
 
e 
(Beale, Block et al., 2010) 
f 
NA, not available. 
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by the availability and high cost. Therefore, alternatively IS with similar 
chemical properties are usually used when a labeled analog is not available. 
For example, erythromycin-
13
C2 was used as IS for all macrolides in our study 
because they belong to the same antibiotic class and have similar chemical 
structures. Nonetheless, quantification of lincomycin from soils was more 
accurate when calibrated with chloramphenicol-d5 than with erythromycin-
13
C2. Such a result may be explained with their affinity to soil particles, which 
can be described with Kow (Table A.1). Erythromycin has higher log Kow 
value (3.06) than lincomycin (0.2) and can be adsorbed to soil particles more 
strongly, resulting in low recovery than lincomycin, while the log Kow value of 
chloramphenicol (1.14) is more similar to that of lincomycin, which may 
explain the better recovery of lincomycin when chloramphenicol-d5 is used as 
IS. In addition, quantification of sulfamethoxazole was more accurate when 
calibrated with chloramphenicol-d5 than with sulfamerazine-d4, which may be 
also explained by the affinity to soil particles, as the log Kow value of 
sulfamethoxazole (0.89) is more similar to that of chloramphenicol (1.14) than 
to sulfamerazine (0.14). 
4.1.2  Matrix effect 
Matrix effect is commonly encountered in LC/MS analysis with 
environmental extracts. The results in Table A.3 showed that acidic extracts 
generally exhibited more severe signal suppression (average of 42%) than 
neutral extracts (average of 33%) (p < 0.05) in water extracts. Strong signal 
suppression was observed for amoxicillin, the macrolides and lincomycin. 
Previous studies have also reported signal suppression with acidic extraction 
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(Hao, Lissemore et al., 2006, Ye, Weinberg et al., 2007), which was likely 
caused by natural organic matter retained on the polymeric sorbent of SPE 
cartridge at acidic condition (Pichon, Cau Dit Coumes et al., 1996). The 55% 
signal suppression of erythromycin-
13
C2 indicates that matrix effect, instead of 
procedure loss, was the main cause of signal loss. Conversely, 7% signal 
suppression of sulfamerazine-d4 suggests that major loss of sulfonamides was 
from procedure loss.  
Matrix effect between water extracts and soil extracts was also 
compared. Soil matrix is usually rich in complex organic matters that could be 
co-extracted with the compounds and cause severe matrix effect. However, the 
results in this study showed that soil extracts, with an average of signal 
suppression of 30% under acidic extraction and 24% under neutral extraction, 
exhibited less signal suppression than water extracts under both conditions (p 
< 0.05). Trends of signal suppression for different compounds in soils were 
similar to those in water samples, for example, amoxicillin was observed with 
strongest signal suppression (59%) in acidic extracts; macrolides were subject 
to strong signal suppression in both acidic (average of 38%) and neutral 
(average of 41%) extracts, and sulfonamides and furazolidon exhibited least 
signal suppression.  
4.1.3  Detection limits 
The MDLs for all compounds in surface waters (Table 4.4) in this 
study are below or in the lower range of previously reported detection limits in 
the literature. Because detection limits for antibiotics in urban soils are lacking, 
the MDLs in sediments and sludge obtained in the literature are used for  
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MDLs in Surface Waters (ng/L)
a

























    NA
b







    0.08 0.29 0.08-9.3
p
  
erythromycin 0.44 4.76 0.18 0.03-6
e







   0.38 0.23 0.5-8.1
q
 54.0% 




 31.2%  NA
b
  0.01 0.26-4.7
q
 96.2% 
chloramphenicol chloramphenicol 0.11 0.52 0.03 0.77-3.8
h
 96.1%  0.10 0.01 0.49
r
 98.0% 









sulfonamides sulfamerazine 0.40 0.17 15.57 0.45-16
j
 62.2%  0.09 5.51 0.5-1.4
s
 82.0% 


















β-lactams amoxicillin 3.49 3.74 NAb 2.08-20l   1.41 NAb NAn >100% 



















Best detection limits in this study are underlined. 
b 
NA, not available because percentage of relative recovery is out of range.  
c 
(Hoa, Managaki et al., 2011, Khan, Lindberg et al., 2012, Klosterhaus, Grace et al., 2013, Shimizu, Takada et al., 2013) 
d
 (Hoa, Managaki et al., 2011, Khan, Lindberg et al., 2012, Zhou, Ying et al., 2012, Klosterhaus, Grace et al., 2013, Shimizu, Takada et al., 2013) 
e
 (Hoa, Managaki et al., 2011, Khan, Lindberg et al., 2012, Zhou, Ying et al., 2012, Shimizu, Takada et al., 2013) 
f
 (Jiang, Hu et al., 2011, Zhou, Ying et al., 2012, Klosterhaus, Grace et al., 2013, Shimizu, Takada et al., 2013) 
g
 (Zhou, Ying et al., 2012, Klosterhaus, Grace et al., 2013, Shimizu, Takada et al., 2013) 
h
 (Jiang, Hu et al., 2011, Zhou, Ying et al., 2012) 
i
 (Zhou, Ying et al., 2012)    
j
 (Hoa, Managaki et al., 2011, Jia, Hu et al., 2011, Jiang, Hu et al., 2011, Klosterhaus, Grace et al., 2013, Shimizu, Takada et al., 2013) 
k 
(Grujić, Vasiljević et al., 2009, Khan, Lindberg et al., 2012)    
l
 (Castiglioni, Bagnati et al., 2005, Xu, Zhang et al., 2007) 
m
 (Cavenati, Carvalho et al., 2012, Zhou, Ying et al., 2012) 
n
 NA, not available due to limited studies targeting these compounds. 
o
 (McClellan and Halden, 2010)    
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p 
(McClellan and Halden, 2010, Walters, McClellan et al., 2010, Chiaia-Hernandez, Krauss et al., 2012, Zhou, Ying et al., 2012, Klosterhaus, Grace et al., 
2013) 
q
 (Walters, McClellan et al., 2010, Zhou, Ying et al., 2012)    
r
 (Zhou, Ying et al., 2012) 
s
 (Walters, McClellan et al., 2010, Klosterhaus, Grace et al., 2013)    
t
 (Walters, McClellan et al., 2010, Zhou, Ying et al., 2012, Klosterhaus, Grace et al., 2013)      
u 
(McClellan and Halden, 2010, Walters, McClellan et al., 2010, Chiaia-Hernandez, Krauss et al., 2012, Zhou, Ying et al., 2012, Klosterhaus, Grace et al., 
2013)
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comparison. With the optimized analytical protocol in this study, the MDLs 
for all compounds in surface waters and soils are reduced by 67.8% and 67.9%, 
respectively, except for monensin, whose MDL (18.16 ng/g) was higher than 
the value in the literature. MDLs of furazolidon in surface water and soils are 
also calculated while no information is available in the literature. The 
sensitivity is generally consistent with extraction efficiency (Table 4.2), which 
is the results of optimized extraction conditions and appropriate IS. 
 
4.2  Occurrence and concentrations of antibiotics in urban surface waters 
and soils  
 
Figure 4.1 The concentrations of antibiotics in urban surface waters and 
soils 
Boxes show the lower quartile (Q1, 25%), median (Q2, 50%), and upper 
quartile (Q3, 75%) of each dataset. Whisker ranges show the lower fence of 
Q1-1.5×(Q3-Q1) and higher fence of Q3+1.5×(Q3-Q1) for each dataset, where 
Q3-Q1 is the interquartile range. Crosses (×) show the maximum value and 
minimum value, and squares (□) show mean values. 
 
The concentrations of antibiotics in surface waters and soils are shown 

















































































































































































































ceftiofur, cefoxitin, furazolidon, monensin) were below detection limits in all 
water samples and soil samples. Sulfamerazine and sulfamethoxazole were 
only detected in water samples and tylosin was only detected in soil samples. 
The remaining seven antibiotics (azithromycin, clarithromycin, erythromycin, 
lincomycin, sulfamerazine, sulfamethazine, chloramphenicol) were detected at 
least once in water samples and soil samples.  
Among the 50 tested water samples, macrolides were most frequently 
detected except for tylosin that was not detected in any of the tested water 
samples, while sulfonamides and chloramphenicol were least frequently 
detected. Clarithromycin was most frequently detected (84%), followed by 
erythromycin (82%), azithromycin (68%), sulfamethazine (56%), lincomycin 
(52%), sulfamethoxazole (50%), chloramphenicol (40%), and sulfamerazine 
(12%). Although the detection frequencies of sulfonamides were lower than 
those of macrolides, the concentrations of sulfonamides were generally higher 
than those of macrolides. The average detected concentrations of 
sulfamerazine, sulfamethazine, sulfamethoxazole were 5.92 ± 2.43 ng/L, 6.39 
± 2.99 ng/L, and 2.60 ± 1.14 ng/L, respectively, while the average detected 
concentrations of azithromycin, clarithromycin, erythromycin, and lincomycin 
were 1.21 ± 0.38 ng/L, 2.95 ± 0.54 ng/L, 1.73 ± 0.51 ng/L, and 0.69 ± 0.24 
ng/L respectively. The average concentration of chloramphenicol was 0.47 ± 
0.16 ng/L. The highest antibiotic concentration (82.54 ng/L) in water samples 
was identified as sulfamethazine in an agricultural site. 
Among the 45 tested soil samples, macrolides were still frequently 
detected. Erythromycin was most frequently detected (93%), followed by 
lincomycin (40%), clarithromycin (29%), tylosin (13%), chloramphenicol 
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(13%), azithromycin (11%), and sulfamethazine (4%). Sulfamethazine was the 
only detected sulfonamide antibiotic in soils, and both sulfamerazine and 
sulfamethoxazole were below detection limits. The concentrations of all tested 
antibiotics in soils were below 6.65 ng/g dry wt, except for erythromycin that 
was detected with relatively high concentrations (18.79-80.58 ng/g dry wt.) in 
five soil samples. The average concentrations of erythromycin, clarithromycin, 
azithromycin, lincomycin, tylosin, and chloramphenicol were 6.32 ± 2.57 ng/g 
dry wt, 1.31 ± 0.49 ng/g dry wt, 1.28 ± 0.19 ng/g dry wt, 0.10 ± 0.04 ng/g dry 
wt, 0.72 ± 0.11 ng/g dry wt, and 0.46 ± 0.23 ng/g dry wt respectively. 
Sulfamethazine was only detected in two soil samples with an average 
concentration of 1.01 ± 0.11 ng/g dry wt. 
The occurrence and concentrations of antibiotics in water samples was 
significantly different from those in soil samples. The detection frequencies of 
all antibiotics in waters were higher than those in soils, except for 
erythromycin, which was detected in 93% of soil samples and in 82% of water 
samples, and for tylosin, which was detected in six out of the 45 soils but was 
not detected in any water samples. Macrolides were consistently detected in 
both water samples and soil samples. Sulfonamides were rarely detected in 
soils, but were frequently detected in water samples. 
4.2.1  Comparison between Singapore and other countries  
The detailed comparison of antibiotics in surface waters between 
Singapore and other countries is shown in Figure 4.2. The average antibiotic 
concentrations in surface waters in Singapore are consistently lower than those 
detected in other countries.  
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Figure 4.2 Comparison of antibiotic concentrations in urban surface 
waters among Singapore and other countries 
Boxes show the lower quartile (Q1, 25%), median (Q2, 50%), and upper 
quartile (Q3, 75%) of each dataset. Whisker ranges show the lower fence of 
Q1-1.5×(Q3-Q1) and higher fence of Q3+1.5×(Q3-Q1) for each dataset, where 
Q3-Q1 is the interquartile range. Crosses (×) show the maximum value and 



























































































































































































































































































































































































































































































































































One possible reason is that urban surface waters in Singapore are not 
affected with treated wastewater, which is directly discharged to the sea after 
being treated at centralized wastewater treatment plants; therefore, it is highly 
unlikely that urban surface waters and soils are contaminated with trace levels 
of antibiotics remaining in treated wastewater. In contrast, surface waters in 
other studies are usually affected with untreated or treated sewage/municipal 
wastewater (Metcalfe, Miao et al., 2004, Managaki, Murata et al., 2007, Peng, 
Tan et al., 2008, Bartelt-Hunt, Snow et al., 2009, García-Galán, Díaz-Cruz et 
al., 2011, Jia, Hu et al., 2011, Jiang, Hu et al., 2011, Yang, Ying et al., 2011, 
Shimizu, Takada et al., 2013) or animal husbandry discharge/runoff 
(Managaki, Murata et al., 2007, Jia, Hu et al., 2011), and trace amount of 
antibiotics remaining in treated wastewater could end up in surface waters.  
The correlation between treatment levels and occurrence of antibiotics 
can be observed in other countries. The lowest concentrations of certain 
macrolide (erythromycin) and sulfonamides (sulfamethoxazole and 
sulfamethazine) in developed countries, such as Canada, USA and European 
countries, are lower than those in developing countries in tropical Asia, such 
as Vietnam, Philippines, Indonesia, Malaysia and India (as shown in Figure 
3.2), suggesting that better wastewater treatment infrastructure in developed 
countries may help remove antibiotics from wastewater and reduce antibiotics 
in surface waters.  
However, other factors, such as antibiotic use, may affect the 
occurrence and concentrations of antibiotics in surface waters as well. For 
example, higher concentrations of clarithromycin are detected in Japan and 
Canada than in tropical Asian countries. A previous study indicates that 
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sulfonamides are more frequently used in tropical Asian countries because of 
their lower prices, while expensive macrolides are predominantly used in 
Japan (Shimizu, Takada et al., 2013). The high usage may have contributed to 
the relatively high concentrations of macrolides in Japan despite of its 
advanced wastewater treatment infrastructure. Additionally, different types of 
macrolides used in different countries may also affect their occurrence 
detected in surface waters. Clarithromycin and azithromycin are newer 
derivatives of erythromycin approved by the FDA in the early 1990s with 
superior stability and improved tolerability than erythromycin (Zuckerman, 
Qamar et al., 2011). In many countries erythromycin has been replaced by 
newer relatives like azithromycin and clarithromycin, but prescription of 
erythromycin still has a substantial place in developing countries (Krasniqi, 
Matzneller et al., 2012). The differences in antibiotic use could explain the 
higher concentrations of clarithromycin and azithromycin in developed 
countries, such as Japan, USA and Canada, and the higher concentrations of 
erythromycin in developing countries, such as Vietnam, Philippine, Indonesia, 
Malaysia and Indian. One additional example is azithromycin, which has been 
extensively marketed in the US (Goossens, Ferech et al., 2007), and its high 
consumption is consistent with its high environmental concentration. 
The detailed comparison of antibiotics in soils is shown in Figure 4.3. 
As no information on antibiotic concentrations in urban soils in other countries 
is available in the literature, results of agricultural soils, farm soils, soils 
irrigated with reclaimed water, biosolids, and sludge in other countries are 
used for the comparison. The results indicate that the concentrations of 




Figure 4.3 Comparison of antibiotic concentrations in urban soils among 
Singapore and other countries 
Boxes show the lower quartile (Q1, 25%), median (Q2, 50%), and upper 
quartile (Q3, 75%) of each dataset. Whisker ranges show the lower fence of 
Q1-1.5×(Q3-Q1) and higher fence of Q3+1.5×(Q3-Q1) for each dataset, where 
Q3-Q1 is the interquartile range. Crosses (×) show the maximum value and 
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magnitude lower than those detected in other countries. Similar to surface 
waters, the relatively low antibiotic concentrations in urban soils are likely 
because urban soils in Singapore are not affected with treated wastewater or 
other sources of anthropogenic input of antibiotics.  
The concentrations of antibiotics are similar between Singapore and 
other countries in two cases. The average concentration of erythromycin in 
urban soils in Singapore was 6.32 ng/g dry wt, while the concentrations of 
erythromycin was between 1 and 5 ng/g dry wt) in soils irrigated with 
reclaimed water in a study at Colorado, USA (Kinney, Furlong et al., 2006). 
However, among the 45 tested urban soil samples, relatively high 
concentrations of erythromycin (18.79-80.58 ng/g dry wt) were detected only 
in five locations, and the average concentration of erythromycin of the other 
40 locations was only 1.00 ng/g dry wt, which is lower than that in irrigated 
soils in Colorado. An interesting observation is that erythromycin was 
frequently detected in 93% of soil samples at low concentrations in Singapore, 
suggesting that erythromycin could be naturally produced and persistent in 
soils. Similarly, in the Colorado study, erythromycin was found to retain in 
soils, resulting in detected concentrations up to 20 times higher than loading 
estimates (Kinney, Furlong et al., 2006). In the other case, the concentrations 
of chloramphenicol in urban soils in Singapore (0.06–1.55 ng/g dry wt, n = 6) 
are similar to those in cropland soils in Mongolia (0.1–0.2 ng/g dry wt, n = 2). 
In the Mongolia study, soil samples were taken from croplands with no 
historical usage of antibiotics, and the authors proposed that the detected 
chloramphenicol was due to natural production by soil microbes (Berendsen, 
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Stolker et al., 2010), which could also explain the occurrence of 
chloramphenicol detected in urban soils in Singapore in this study.  
4.2.2  Natural production and attenuation of antibiotics in urban surface waters 
and soils  
Because surface waters and soils in Singapore are not affected by 
treated wastewater discharge, the detected antibiotics may be contributed by 
other factors, such as natural production of antibiotics. Among all tested 
antibiotics in this study, erythromycin, lincomycin, tylosin, chloramphenicol, 
and monensin can be naturally produced by Streptomyces, a genus of 
indigenous antibiotic-producing soil bacteria. The most frequently detected 
antibiotics in soils (erythromycin and lincomycin) can be naturally produced, 
and the less frequently detected antibiotics (azithromycin and clarithromycin) 
are semisynthetic derivatives of erythromycin, suggesting that natural 
production might be one main source for the detected antibiotics in soils in 
this study.  
Previous studies investigating natural production of antibiotics were 
carried out mostly in modified soil microcosms by nutrient enrichment or 
sterilization, but the results are inconclusive (Williams and Vickers, 1986). 
For example, Hansen et al. reported observed oxytetracycline production by 
Streptomyces rimosus inoculated to soil microcosms using a plasmid-
constructed E. coli that expressed green fluorescent protein in the presence of 
tetracycline (Hansen, Ferrari et al., 2001). The production of 2,4-
diacetylphloroglucinol was observed by Pseudomonas spp. in plant root 
systems with rhizosphere soils, which had been cultivated and enriched with 
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macro-elements (Bergsma-Vlami, Prins et al., 2005). However, direct 
detection of antibiotics in un-modified natural soils with chromatographic 
approaches had rarely been documented probably due to the extremely low 
concentrations of antibiotics in natural soils. Although the detection limits in 
our study (0.009-0.069 ng/g dry wt) are generally lower than those reported in 
the literature, the concentrations of certain antibiotics may still be lower than 
the detection limits in our study and therefore could not be detected even if 
they were naturally produced.  
In addition to natural production of antibiotics, the attenuation of 
antibiotics in the natural environment could affect the detected antibiotic 
concentrations. The half-lives of the detected antibiotics in waters and soils are 
summarized in Table 4.5. Although different results of half-lives were 
reported due to different experimental conditions and soil matrices, half-lives 
from different studies are in similar ranges.  
 There is no consistent correlation between half-lives and detection 
frequencies of antibiotics in surface waters. The long half-lives of 
erythromycin (5-365 days), lincomycin (1760-2033 days) and 
chloramphenicol (10.3-20.8 days) are consistent with their high detection 
frequencies (82% for erythromycin, 52% for lincomycin and 40% for 
chloramphenicol) in surface waters. However, the half-life of tylosin is 
relatively long (7-200 days), but it was below detection limits in all tested 
surface waters. Furthermore, the half-life of clarithromycin (1.25-10 days) and 
azithromycin (0.05-0.83 days) are relatively short, but they were among the 
most frequently detected antibiotics. The half-lives of sulfamethazine (2.7-4.2 
days) and sulfamethoxazole (0.42-2.4 days) are among the shortest, but they  
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Table 4.5 Half-lives of antibiotics in water and soil from literature 2 
Compound Water  Soil 
Half-life 
(days) 
Condition Half-life (days) Condition 
clarithromycin 1.25 – 2.67 (Vione, 
Feitosa-Felizzola et 
al., 2009) 
In a photo-reactor under UV–vis 
irradiation  in the presence of 
iron(III), nitrate ions or dissolved 
organic matter to simulate 
environmental conditions; In dark 
in the presence of iron(III), nitrate 
ions or dissolved organic matter to 
simulate environmental conditions 
 NA NA 
10 (Vione, Feitosa-
Felizzola et al., 2009) 
Calculated half-life of the complex 
Fe
3+–clarithromycin with 
environmental parameter of the 
water of River Arc in May 
erythromycin 365 (Jessick, 2010) 200ml pond water, 24ᵒC 
environmental chamber, with a 
12:12 photoperiod 
 20 (Schlüsener and 
Bester, 2006) 
non-sterilized soil; dark at 20 °C; 
water content 12% (w/w) 
5 – 6 (Jessick, 2010) microcosms comprised of 73.5 g 
(50 g dry wt.) pond sediment and 
176.5 ml pond water , 24ᵒC 
environmental chamber, with a 
12:12 photoperiod 
30 (Gavalchin and Katz, 
1994) 
sandy loam soil and cattle feces 
azithromycin 0.83 (Tong, Eichhorn 
et al., 2011) 
in HPLC water, a Suntest CPS 
simulator to emitted radiation 
similar to that of natural sunlight 
 408-990 (Walters, 
McClellan et al., 2010) 
biosolids and soil mixed in a ratio 
of 1:2; 3-year average air 
temperature was 14̊C; 3-year 
average monthly precipitation 
was 91 mm; moisture content of 
the soils varied between 14.6 and 
35.1% 
0.05 – 0.29 (Tong, 
Eichhorn et al., 2011) 
6.9 hours in artificial fresh water 
(AFW); 3.7 hours AFW 
supplemented with 5 mg/L nitrate; 
1.2 hours in AFW containing 
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Compound Water  Soil 
Half-life 
(days) 
Condition Half-life (days) Condition 
humic acids alone; a Suntest CPS 
simulator to emitted radiation 
similar to that of natural sunlight 
lincomycin 1760 – 2033 
(Andreozzi, 
Canterino et al., 
2006) 
2033 and 1760 days were 
calculated under solar 
photodegradation at pH 5.5 and 
7.5, respectively, for winter and 
50°N latitude 
 2 – 9 (Kűmmerer, 2004) aerobically incubated soil 
 mixtures of urine, feces, and soil 
tylosin 200 (Hu and Coats, 
2007) 
mean value from ultrapure water, 
autoclaved pond water and 
unsterilized pond water under light 
 8 (Schlüsener and Bester, 
2006) 
non-sterilized soil; dark at 20 °C; 
water content 12% (w/w) 
24 – 54 (Ingerslev, 
Toräng et al., 2001) 
surface water in dark 4.4 (Carlson and Mabury, 
2006) 
manure-amended soil; room 
temperature; soil moisture content 
20% 
7 – 12 (Ingerslev, 
Toräng et al., 2001) 
surface water with 1 gram of 
sediment/L in dark 
4.5 - 6.1 (Carlson and 
Mabury, 2006) 
open door agricultural field; 
sandy loam texture; average daily 
temperatures from 16 to 20°C; 60 
to 80 mm of precipitation per 
month 
15 – 16 (Ingerslev, 
Toräng et al., 2001) 
surface water with 3 mg activated 
sludge/L in dark 
sulfamerazine 2.13-2.29 (Boreen, 
Arnold et al., 2005) 
by direct photolysis in surface 
water in midsummer; 2.13 days at 
30̊ latitude and 2.29 days at 45̊ 
latitude; pH7, continuous 
irradiation 
 NA NA 
sulfamethazine 2.7 – 4.2 (Carstens, 
Gross et al., 2013) 
2.7 day in pond water and 4.2 day 
when water is with diluted manure 
 18.6 (Accinelli, Koskinen 
et al., 2007) 
silt loam and sandy soil; moisture 
adjusted to the gravimetric 
content at -33 kPa using distilled 
water; in dark at 25°C 
no degradation (Dolliver, turkey manure composting; study 
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Compound Water  Soil 
Half-life 
(days) 
Condition Half-life (days) Condition 
Gupta et al., 2008) period of 35 days 
sulfamethoxazole 0.42 – 2.4 
(Andreozzi, Raffaele 
et al., 2003) 
by solar photodegradation in 
distilled water in winter 
 NA NA 
0.42 – 1.25 
(Andreozzi, Raffaele 
et al., 2003) 
by solar photodegradation in 
distilled water in fall 
0.42 – 0.63 
(Andreozzi, Raffaele 
et al., 2003) 
by solar photodegradation in 
distilled water in spring and 
summer 
chloramphenicol 10.3 – 20.8 
(Wongtavatchai, 
McLean et al., 2004) 
pond water, half-life is 10.3 days 
at 25 ᵒC and pH 8, and 20.8 days at 
37ᵒC and pH 6 
 4.5 (Wongtavatchai, 
McLean et al., 2004) 
non sterilized soil; 25°C 
1 (Berendsen, Pikkemaat 
et al., 2013) 
non sterilized top soil 
monensin NA NA  4.2 - 22.7 (Yoshida, 
Castro et al., 2010) 
loam type soil and clay loam type 
soil; dark; 22-25 °C; 80% field 
capacity moisture level 
1.3 - 2.0 (Sassman and 
Lee, 2007) 
surface and subsurface soil; 0.03 
MPa moisture potential; dark; 
23°C 
13.5 (Carlson and 
Mabury, 2006) 
manure-amended soil; room 
temperature; soil moisture content 
20% 
3.3 - 3.8 (Carlson and 
Mabury, 2006) 
open door agricultural field; 
sandy loam texture; average daily 
temperatures from 16 to 20°C; 60 
to 80 mm of precipitation per 
month 
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were also frequently detected with relatively high detected concentrations. 
Half-life of sulfamerazine (2.13-2.29 days) is similar to that of sulfamethazine 
and sulfamethoxazole; however, the sulfamerazine was the least frequently 
detected compound. These results suggest that occurrence of antibiotics in 
surface waters may be affected by not only their half-lives, but also other 
factors, such as the amount of consumption in human activities and dilution in 
the environment. 
Conversely, the half-lives of antibiotics in soils are generally positively 
correlated with their detection frequencies, suggesting persistence is the main 
factor contributing to the occurrence and concentrations of antibiotics in soils. 
Erythromycin has the longest half-life in soils (20-30 days) among all tested 
antibiotics, and was also the most frequently detected antibiotic (93%). 
Furthermore, its average concentration (6.32 ng/g dry wt.) was significantly 
higher than other antibiotics (p<0.001). The half-life of lincomycin (2-9 days) 
is shorter than that of erythromycin but higher than other antibiotics, which is 
consistent with the results that lincomycin was the second most frequently 
detected antibiotics (40%) in soils. Half-lives of tylosin (4.4-8 days) and 
chloramphenicol (1-4.5 days) are relatively short, which are also consistent 
with their low detection frequencies (13%).  
However, the correlation between semi-synthetic/synthetic antibiotics 
(azithromycin, clarithromycin, and sulfamethazine) is not obvious due to 
unique features of samples or limited data. The detection frequency of 
azithromycin was only 11%, but one study reported its half-life as 408-990 
days in biosolid-amended soils (Walters, McClellan et al., 2010). The high 
biosolid-soil ratio (1:2) may have promoted the adsorption process to retain 
88 
azithromycin and resulted in long measured half-life. Sulfamethazine was 
detected in 4% of soil samples, but its half-life ranges widely. One study 
reported its half-life as 18.6 days in silt loam and sandy soil by biodegradation 
(Accinelli, Koskinen et al., 2007), while another study reported no degradation 
of sulfamethazine happened in a 35-day manure composting process (Dolliver, 
Gupta et al., 2008). The variable results might be explained by different 
microbial communities because microbial degradation is the predominant 
mechanism for sulfamethazine (Accinelli, Koskinen et al., 2007); meanwhile, 
it also suggests that sulfamethazine could be persistent under certain 
environmental conditions. Clarithromycin was detected in 29% of soil samples, 
but no half-life values have been reported in the literature so no correlation 
analysis can be conducted. There results suggest that more studies on 
environmental factors and more measurements of half-lives are needed. 
4.2.3  Land use types  
Antibiotic concentrations are further correlated with land use types 
(Figure 4.4). Non clear trends could be identified in different land use types, 
except that concentrations of sulfonamides and macrolides were relatively 
high and they had different occurrence patterns.  
The concentrations of sulfonamides in agricultural sites were 
statistically higher (p<0.01) than those in other land use types in surface 
waters. The wide occurrence of sulfonamides has been reported in the 
literature and many studies have linked the occurrence of certain sulfonamides 
with animal agriculture. Sulfamethazine is a typical veterinary medicine, and 




Figure 4.4 Distribution of antibiotics with regard to land use types 
Boxes show the lower quartile (Q1, 25%), median (Q2, 50%), and upper 
quartile (Q3, 75%) of each dataset. Whisker ranges show the lower fence of 
Q1-1.5×(Q3-Q1) and higher fence of Q3+1.5×(Q3-Q1) for each dataset, where 
Q3-Q1 is the interquartile range. Crosses (×) show the maximum value and 


















































































































































































































































































environments and its livestock origin (Managaki, Murata et al., 2007, Hoa, 
Managaki et al., 2011, Peng, Zhang et al., 2011, Shimizu, Takada et al., 2013). 
For example, one study in Pearl River in south China suggested the potential 
discharge of sulfamethazine was from aquaculture wastes rather than sewage 
effluent (Peng, Zhang et al., 2011). Compared with sulfamethazine, 
sulfamerazine is another veterinary drug but is less frequently used and 
reported. In this study, sulfamerazine was only detected in six out of 50 water 
samples, which is consistent with the low detection frequency reported in 
other studies. For example, sulfamerazine was only detected in urban 
drainages from Indonesia among the five countries (Shimizu, Takada et al., 
2013). In addition, some studies used sulfamerazine as internal standards due 
to its low occurrence in the environment (Hao, Lissemore et al., 2006, Peng, 
Tan et al., 2008, Hoa, Managaki et al., 2011, Jiang, Hu et al., 2011, Peng, 
Zhang et al., 2011, Yang, Ying et al., 2011, Li, Shi et al., 2013, Yan, Yang et 
al., 2013). Another sulfonamide, sulfamethoxazole, is a human medicine and 
less frequently used as an animal antibiotic, and its occurrence is usually 
related with urban rivers in the literature. Relatively high concentrations of 
sulfamethoxazole have been detected in urban drainage in Vietnam (190-360 
ng/L), suburban and rural canals (20-174 ng/L), and Mekong River (20-33 
ng/L), which is an urban river flowing through four provinces (Managaki, 
Murata et al., 2007). Sulfamethoxazole was detected in rivers under the 
influence of sewage treatment plants at around 20 ng/L in Japan as well 
(Managaki, Murata et al., 2007), and the concentration is comparable with 
those in river waters detected in Germany (30 ng/L) (Hirsch, Ternes et al., 
1999) and Canada (8 ng/L) (Metcalfe, Miao et al., 2004). A recent study of 
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five tropical countries revealed that sulfamethoxazole was the most abundant 
antibiotic in sewage and sewage impacted urban rivers (Shimizu, Takada et al., 
2013). In some studies in China, sulfamethoxazole was reported to be one of 
the most frequently detected antibiotics with maximum concentration of 510 
ng/L in Major Pearl River (Peng, Tan et al., 2008), median concentration of 
6.78-28.34 ng/L in Huangpu River (Jiang, Hu et al., 2011), and median 
concentration of 66.6 ng/L in Liao He Basin (Jia, Hu et al., 2011). In our study, 
the concentration of sulfamethoxazole was all below 4.52 ng/L, except in one 
residential area (29.50 ng/L). 
Unlike the animal drugs sulfamerazine and sulfamethazine, macrolides 
and lincomycin are usually detected at higher concentrations in residential 
areas. High concentrations of macrolides were detected in city canals instead 
of aquaculture waters, suggesting that human medication is the primary source 
of macrolides (Hoa, Managaki et al., 2011). Consumption pattern of 
macrolides in Singapore is similar to Europe and Canada, where 
clarithromycin is usually the most abundant macrolide (McArdell, Molnar et 
al., 2003, Miao, Bishay et al., 2004). Other studies detected roxithromycin, a 
macrolide antibiotic, at higher concentration in China (Jiang, Hu et al., 2011, 
Peng, Zhang et al., 2011, Yang, Ying et al., 2011, Yan, Yang et al., 2013). 
Roxithromycin was not targeted in this study because it is not on the list of 
licensed medicinal products administrated by the Singapore government 
agency Health Sciences Authority (HSA) (Health Sciences Authority), and 
their existence in urban environments is not expected. 
As for soil samples, only macrolides and lincomycin were consistently 
detected in all land use types. When compared with surface waters, the 
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concentrations of macrolides had a wider range in soil samples, which may be 
caused by the high heterogeneity in soil samples. The high detection frequency 
of macrolides throughout different land use types indicates that macrolides 
occurs widely regardless of its land use types, which could be related to 
natural production by soil microbes.  
4.3  Limitation of this study  
This study revealed, for the first time, the wide occurrence of 
antibiotics in urban surface waters and soils without impacts of treated 
wastewater discharge. Further studies are needed to investigate the sources 
and fate of antibiotics in urban cities. Sediment is an important sink for certain 
antibiotics but was not collected in this study. This is because many natural 
rivers in Singapore have been converted to canals with concrete basins so 
sediment was not available for sampling. Other environmental factors, such as 
precipitation and atmospheric deposition, were tested only among few samples 
and the results were not enough to make a solid conclusion. Additionally, 
temporal distributions of antibiotics can be evaluated in multiple years to 
provide more information on the occurrence of antibiotics. The current 
findings were only based on the spatial distributions of antibiotics. These 
limitations should be considered for further investigation on the occurrence of 




Chapter 5    Occurrence and Distribution of 
Erythromycin Resistance Methylase (erm) Genes in 
Urban Environments in Singapore 
 
5.1  Erm genes in urban surface waters without impact of treated 
wastewater 
5.1.1  Occurrence and abundance of erm genes  
The occurrence and abundance of different erm genes varied greatly 
among different genes (Figure 5.1). Among the twelve tested erm genes, ermX, 
ermY, erm32, erm34, and erm35 were not detected in any water sample. 
Among the seven detected erm genes, ermF, ermB, ermG, and ermC were 
frequently detected (frequency of detection >84%) while ermA, ermD, and 
ermT were less frequently detected (frequency of detection <50%). The 
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6 copies∙L-1) genes were also frequently detected. The 
abundance of ermA (2.50×10
3
-1.05×10
6 copies∙L-1) and ermT (2.50×102-
2.61×10
5
 copies∙L-1) genes were relatively low and their detection frequencies 




copies∙L-1) gene was lowest among detected erm genes, but it was still 





Figure 5.1 Abundance of erm genes and PKS genes  
Boxes show the lower quartile (Q1, 25%), median (Q2, 50%), and upper 
quartile (Q3, 75%) of each dataset. Whisker ranges show the lower fence of 
Q1-1.5×(Q3-Q1) and higher fence of Q3+1.5×(Q3-Q1) for each dataset, where 
Q3-Q1 is the interquartile range. Crosses (×) show the maximum values and 
minimum values, and squares (□) show mean values. 
 
5.1.2  Comparison on occurrence and abundance of erm genes with previous 
studies  
The occurrence of erm genes in urban surface waters in this study is 
generally consistent with the results in the literature. Erm genes were 
frequently detected in hotspot environments that are affected by wastewaters 
and livestock farming, such as wastewater treatment plants, livestock manure, 
lagoons, animal waste impacted environments, and farm soils, where ermF 
and ermB genes were frequently detected (Jensen, Agersø et al., 2002, Chen, 
Yu et al., 2007, Patterson, Colangeli et al., 2007, Zhang, Zhang et al., 2009, 
Koike, Aminov et al., 2010, Negreanu, Pasternak et al., 2012). ErmG gene was 
detected in some pig herds and lagoon samples but its detection frequency was 




















































2007, Koike, Aminov et al., 2010). ErmC gene was less frequently detected 
(Chen, Yu et al., 2007), except in one study that detected comparable 
frequency of ermC and ermB genes in lagoon samples and lagoon-impacted 
ground waters (Koike, Aminov et al., 2010). Conversely, ermC gene was 
frequently detected in soils, such as forest soils, vegetable garden soils, 
orchard soils, and farm land soils (Jensen, Agersø et al., 2002, Popowska, 
Rzeczycka et al., 2012). ErmA gene was the least frequently detected erm gene 
in this study, while ermA gene was usually found in manure samples and 
lagoon samples (Chen, Yu et al., 2007, Koike, Aminov et al., 2010, Li, Sun et 
al., 2013, Zhu, Johnson et al., 2013) and usually detected from clinically 
relevant strains (Roberts, 2008, Koike, Aminov et al., 2010). The low 
detection frequency of ermA gene in surface waters without impact of treated 
wastewater in this study was consistent with the results that ermA gene mostly 
occurred in animal waste. The detection frequency of ermT gene was low in 
this study, which is consistent with the results that ermT gene was among the 
least frequently detected erm genes in manure, compost, lagoon, soils, and tile 
water collected from irrigation (Chen, Yu et al., 2007, Hoang, Soupir et al., 
2013). ErmD gene was less characterized in environmental samples and was 
detected in one composite sample (Zhu, Johnson et al., 2013). ErmD gene was 
also detected in Bacillus licheniformis, which is capable of producing 
antibiotics and commonly found in soils (Belton, Hills et al., 1949, Adimpong, 
Sørensen et al., 2012). The low abundance, wide occurrence, and correlation 
with biosynthesis genes of ermD gene suggest that naturally produced 
antibiotics from indigenous bacteria could be an important factor on the 
occurrence of ermD gene. The wide occurrence of erm genes in samples 
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without the impact of treated wastewater suggest that other factors, such as 
urban surface run-off, precipitation, anthropogenic activities, or natural 
biological processes, could pose selective pressure on the development of 
ARGs. 
In spite of the wide occurrence, the abundances of detected erm genes 
in this study are lower than those detected in hotspot environments in previous 
studies. For example, the median concentrations of ermB gene (5.93×10
3
 
copies∙L-1) and ermF gene (1.87×105 copies∙L-1) are several orders of 





copies∙L-1) and ermF (between 3.02×106 and 6.31×108 copies∙L-1) detected in 
treated sewage samples in Israel (Negreanu, Pasternak et al., 2012). The 
relatively low concentrations of erm genes could be explained by low selective 
pressure without the impact of treated wastewater.  
5.1.3  Distribution of erm genes at different land use types and environmental 
factors  
Concentrations of erm genes were significantly different at different 
land use types (Figure 5.2). The highest concentrations of erm genes were 
observed at agricultural sites, followed by industrial, residential, park and 
recreational sites, reserved sites, commercial sites, and open space. Statistical 
analyses indicate that the absolute concentrations of erm genes in agricultural 
areas were significantly higher than other land use types (p < 0.001), except 
for ermD, whose concentrations were similar among different land use types. 




Figure 5.2 Distribution of erm genes and PKS genes at different land use 
types  
Boxes show the lower quartile (Q1, 25%), median (Q2, 50%), and upper 
quartile (Q3, 75%) of each dataset. Whisker ranges show the lower fence of 
Q1-1.5×(Q3-Q1) and higher fence of Q3+1.5×(Q3-Q1) for each dataset, where 
Q3-Q1 is the interquartile range. Crosses (×) show the maximum value and 






























































































































































































were observed in some industrial, residential, park and recreational sites. 
Elevated concentrations ermF and ermG were also observed in reserved areas, 
which have less human activities than other urban land use types. The 
concentrations of erm genes were consistently low in open space areas, which 
mainly refer to natural reservoirs that are well-protected from human activities. 
Principle component analysis (PCA) was conducted to evaluate the 
correlations between erm genes and environmental factors. Seven principal 
components accounting for 85% of the total variance were obtained with 
eigenvalues >1 in the data. The PCA plot of first two principle components is 
shown in Figure 5.3. Principal component 1 showed no positive correlation 













, which are commonly present in seawater. Further examination of the 
samples with high scores on principal component 1 indicated that these 
sampling locations were located in the canals close to the sea, suggesting that 
seawater could affect these environmental factors, but did not affect the 
development of erm genes. Macrolide antibiotics (erythromycin and 
clarithromycin) were positively correlated with principal component 1 but not 
erm genes, suggesting that these antibiotics did not promote the development 
of erm genes. Further analysis by Pearson correlation showed that only weak 
correlations were observed between ermF and clarithromycin (correlation 
coefficient = 0.40, p = 0.003) and erythromycin (correlation coefficient = 0.35, 





, phosphorus, sulfamerazine, and sulfamethazine, as well as three most 
abundantly distributed erm genes (ermF, ermB, and ermG). The relatively 
abundant ermF, ermB, and ermG genes were clustered together and highly 
99 
correlated with TOC, nutrients, sulfamerazine, and sulfamethazine, which 
were mainly detected in agricultural areas. Another clustered of erm genes 
(ermD, ermA and ermT) were highly correlated with biosynthesis genes (PKSI 
and PKSII). Conversely, ermC gene in the loading plot of principal component 
1 and principal component 2 was not clustered in any group. However, further 
statistical analysis with Pearson correlation analysis revealed that ermC was 
positively correlated with sulfamerazine and sulfamethazine with correlation 
coefficients of 0.50 and 0.58, respectively (p < 0.001), and positively 
correlated with PKSI and PKSII genes with correlation coefficients of 0.63 
and 0.65, respectively (p < 0.001).  
The lack of correlation between erm genes and macrolides, together 
with the strong correlation between erm genes and sulfonamides suggest that 
co-selection from antibiotics other than macrolides are playing an important 
role in the dissemination of erm genes in this study. Besides the sulfonamides, 
other antibiotics could also be detected in the agricultural areas but were not 
tested in this study, such as oxytetracycline which is typically used in animal 
and plant agriculture, and previous studies have found co-selection of erm 
genes by the presence of tetracyclines due to the co-existence of erm genes 
and tetracycline resistance genes on the same transposons (Roberts, Sutcliffe 
et al., 1999). Positive correlations between antibiotics and ARGs have also 
been reported in other environmental matrices previously. For example, 
positive correlations were observed between macrolide abundance and ermB 
abundance in three artificial water supply reservoirs that receive different 
amount of WWTP effluents in Spain (Huerta, Marti et al., 2013) and between 
total sulfonamides concentration and sulI gene in a municipal wastewater 
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treatment plant (Gao, Munir et al., 2012). Beside the direct selection from 
antibiotics to ARGs of the same class, co-selection have been suggested from 
positive correlations between ARGs and antibiotics of different classes, such 
as the strong correlation between tet genes and sulfonamides and tylosin A, 
and, as well as strong correlation between sul genes and lincomycin and 
tetracyclinesin livestock lagoons (McKinney, Loftin et al., 2010). These 
positive correlations are consistent with results in our study and suggest that 
selection and co-selection by antibiotics could be a major factor to drive the 
development of ARGs.  
No significant correlations between certain heavy metals and erm 











reported to co-select for resistance to macrolides (Baker-Austin, Wright et al., 
2006). However, the metals detected in this study generally occurred at low 






 were all under detection 




 were only occasionally detected at 
concentrations below 87 and 116 ppb, respectively. These concentrations are 
lower than the concentrations that are typically applied in spiking experiments 
(e.g. 1120 ppb of Cd and 5800 ppb of Ni (Stepanauskas, Glenn et al., 2006)) to 
exhibit an impact on the co-selection  of antibiotic resistance, which can could 
explain the lack of correlation between metals and erm genes in this study.  
5.1.4  Impact of anthropogenic activities  
The correlation between concentrations of environmental ARGs and 
anthropogenic activities, such as agriculture, was observed in this study. One 




Figure 5.3 Principal component analysis (PCA) of erm genes and 
environmental factors in surface waters    
Colors and shapes represent different types of variables: red, ●: genes, green, 
▲: metals; blue, ▼: nutrients, TOC, and ions; black, ■: antibiotics. 
 







and organic carbons (TOC) in agricultural areas could promote the growth of 
all bacteria and result in high biomass and high ARGs, which was confirmed 
with our results that high abundance of bacteria was observed through the  
quantification of 16S rRNA genes. After normalizing to 16S rRNA genes, the 
relative abundance of ermA and ermT genes in agricultural areas did not show 
a significant difference from other land use types. On the other hand, 
agricultural areas could still pose selective pressures on the development of 
erm genes. Many studies have investigated the presence of resistance genes in 
animal feedlot lagoons and areas immediately adjacent to animal agriculture 
(Pei, Kim et al., 2006, Chen, Yu et al., 2007, Koike, Aminov et al., 2010, 
Hoang, Soupir et al., 2013). For example, Pei et al. reported that 





















































Principal Component 1 (22.0%)
102 
one to six orders of magnitudes higher in streams impacted by animal feed 
facilities than in pristine stream areas (Pei, Kim et al., 2006). Beside animal 
feedlot agriculture, antibiotics could also be used in plant agriculture and pose 
selective pressure (Stockwell and Duffy, 2012). Trace levels of antibiotics 
could reach aquatic environments via manure application, lagoon leakage, and 
surface runoff from animal agriculture and via spray and surface runoff from 
plant agriculture and resulted in the observed high levels of erm genes in this 
study. No previous study has reported direct connections between the two 
animal antibiotics, sulfamerazine and sulfamethazine, with erm genes. 
Therefore, the presence of these two antibiotics in this study may not be a 
direct cause for the occurrence of erm genes. However, the high level of 
sulfonamides revealed that streams in agricultural areas could contain a 
mixture of complex contaminants that pose strong selective pressure to 
promote horizontal gene transfer of ARGs.  
Besides agricultural areas, erm genes were detected in other urban land 
use types including residential, industrial, and urban parks. Previous studies 
demonstrated that increased levels of ARGs in urbanized areas were attributed 
to WWTP discharge or untreated sewage (Pei, Kim et al., 2006, Graham, 
Olivares-Rieumont et al., 2010). However, in our study, the samples were 
taken from surface waters under no exposure of treated or untreated 
wastewater. Therefore, other sources of pollutants, such as rain water and 
urban surface runoff, could cause the development of ARGs. In addition, as 
ARGs are auto-replicable pollutants that can be maintained even in the 
absence of selective pressure, their occurrence does not rely on the constant 
release of chemical contaminants. Studies have detected identical ARGs in 
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disconnected aquatic systems, suggesting that human intervention, not 
necessarily involving contamination, may contribute to the wide spread of 
ARGs (Keen and Montforts, 2011). Furthermore, as ARGs have been 
described as “easy to get and hard to lose” elements (Salyers and Amabile-
Cuevas, 1997), historical accumulation in environmental samples might also 
contribute to their wide occurrence and persistence.  
5.1.5  Impact of natural antibiotic production  
Other than land use types, natural production of antibiotics from 
indigenous bacteria could also contribute to the observed erm genes. For 
example, not much difference was observed on ermD gene abundance 
between different land use types in this study, suggesting that anthropogenic 
activities were not the main impact factor for the occurrence of ermD gene. 
Instead, ermD gene was highly correlated with PKSI and PKSII biosynthesis 
genes, which are responsible for the natural production of macrolides. 
Previous studies also found that ermD gene were more frequently detected in 
antibiotic-producing Bacillus licheniformis in soils (Belton, Hills et al., 1949, 
Adimpong, Sørensen et al., 2012), while other erm genes are detected in a 
wide range of environmental microorganisms.  
However, strong correlation between erm genes and PKS genes 
requires cautious interpretation. ErmA and ermT genes were both highly 
correlated with ermD gene and the PKS biosynthetic genes, but the high 
correlations do not necessarily imply strong connection between ermA/ermT 
genes and natural biosynthesis of antibiotics because both ermA and ermT 
genes were usually detected from clinically relevant bacteria rather than 
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natural antibiotic-producing bacteria. Instead, the strong correlations were 
more likely to be caused by the low occurrence of ermA and ermT genes, 
which resulted in similar low values of concentration used in correlation 
analysis. One possible explanation for the low occurrence of ermA and ermT 
gene is that ermA and ermT genes are less likely to be adopted by 
environmental bacteria under the similar selective pressure as the 
ermB/ermG/ermF cluster. As shown in the analysis of land use types, high 
concentrations of ermA and ermT genes were detected in agricultural areas as 
well as some industrial and residential areas, suggesting that selective pressure 
can promote the spread of these two erm genes. However, no elevated 
concentrations of ermA and ermT genes were observed in the remaining urban 
land use types, such as urban parks, where ermB/ermG/ermF genes were still 
relatively abundant. These results might suggest that stronger selective 
pressures may be required for the spread of ermA and ermT genes in complex 
environmental microbial communities. The difference in the abundance of 
ermA/ermT genes and ermB/ermG/ermF genes is also consistent with their 
difference in host ranges that ermA and ermT genes are usually detected from 
pathogenic or common commensal organisms such as Enterococcus, 
Streptococcus, and Staphylococcus, while ermF, ermG and ermB genes have 
been reported in a much wider range of host bacteria, including both clinical 
and common environmental microorganisms (Roberts). 
The correlations between ermC gene and both the anthropogenic 
indicators and natural biosynthesis genes suggested that distribution of ermC 
was influenced by both factors. This is consistent with the analysis in land use 
types that in addition to the typical urban areas including agricultural, 
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industrial, residential and urban parks, the less impacted reserved sites were 
also featured with an increased level of ermC genes. In previous studies, the 
ermC gene have also been detected in a wide range of environments, such as 
lagoons (Koike, Aminov et al., 2010) and forest soils (Popowska, Rzeczycka 
et al., 2012), where natural production of antibiotics is likely the major cause 
of environmental antibiotic resistance.  
5.1.6  Host ranges and gene mobility of erm genes  
The result that ermF, ermB, ermG, and ermC were more widely and 
abundantly detected than ermA, ermT and ermD was consistent with their host 
ranges and gene mobility. All the erm genes have been reported in mobile 
genetic elements, such as plasmids and conjugative transposons (Roberts). The 
types of plasmids may affect the dissemination of erm genes since the more 
abundantly detected erm genes, such as ermB and ermC, have been 
characterized in multiple broad-host-range plasmids (Roberts), while studies 
on plasmids containing the less abundantly detected erm genes were less 
available. The different dissemination behaviors of erm genes are also 
consistent with their connections with insertion sequence (IS) elements. 
Sequencing of ermF, ermB and ermG genes all revealed co-existence of IS 
elements (Rasmussen, Odelson et al., 1986, Brisson-Noel, Arthur et al., 1988, 
Wang, Wang et al., 2003), whereas description of ermA, ermT, and ermD 
genes showed a lack of such connection (Gryczan, Israeli-Reches et al., 1984, 
Murphy, 1985, Gfeller, Roth et al., 2003). One example is the similar 
sequence between ermB on pUW1965 from Enterococcus faecium and ermLF, 
which belongs to the ermT class, on pLME300 from Lactobacillus fermentum, 
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reported by Gfeller et al., and they proposed that pLME300 acquired the 
whole antibiotic resistance cluster from enterococci, but the IS elements that 
were originally present on pUM1965 around ermB were lost on pLME300 
(Gfeller, Roth et al., 2003). 
The mobility of erm genes might be explained by their different 
amount of energy required to initiate regulation process. Erm genes that are 
constitutively expressed or easier to express under the exposure to macrolide 
inducers at low concentrations are believed to spread more widely in this study 
than those requiring higher inducer concentrations to express. Both ermB and 
ermF, the two most abundantly detected classes of erm genes in this study, 
contain constitutive expressed members (Rasmussen, Odelson et al., 1986, 
Brisson-Noel, Arthur et al., 1988). Induction kinetics were compared between 
ermG and ermC (Monod, Mohan et al., 1987) and between ermC and ermA 
(Murphy, 1985). ErmG was more responsive to low concentrations of 
erythromycin than ermC by minicell analysis, whereas ermA was predicted to 
be less expressed than ermC. The differences in induction kinetics were 
explained in previous studies by their regulation processes. ErmA transcript 
contains a regulatory leader sequence of 211 bases which has the potential to 
encode two short peptides of 15 and 19 amino acids, namely peptide 1 and 
peptide 2 respectively. Induction occurs when ribosomes that have bound 
erythromycin stall during translation of the peptides; the stalled ribosome 
disrupts the secondary structure and allowing it to free the initiation codon for 
the translation of methylase. A Shine-Dalgarno (SD) sequence is a ribosomal 
binding site located around 8 bases upstream of the start codon AUG on 
mRNA, and helps recruit the ribosome to the mRNA to initiate protein 
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synthesis (Malys, 2012). SD1 site initiates translation of peptide1 and SD2 site 
initiates the translation of peptide2. ErmA requires ribosomes at both SD1 and 
SD2 to bind erythromycin and thus requires high inducing concentrations of 
erythromycin, while in the ermC system, SD1 is always available to translate 
the leader peptide (Murphy, 1985).  In contrast, due to the high response to 
low concentrations of erythromycin observed in ermG system, Monod et al. 
proposed that ribosomes initiate independently at SD1 and SD2 so that 
binding of erythromycin to either site could start the translation, leading to 
increased sensitivity of the systems to inducers (Monod, Mohan et al., 1987). 
However, erm genes could be constantly changing in response to the 
changes of environments. Studies have reported mutations that transfer ermA 
gene from inductive expression to constitutive expression (Murphy, 1985), 
possible transfer of ermB gene with a wider host range to ermLF gene with a 
comparatively limited mobility (Gfeller, Roth et al., 2003), and high amino 
acid homology between ermD and ermF as well as unique nucleotide 
sequence homology between leader sequence of ermC and upstream DNA of 
ermF (Rasmussen, Odelson et al., 1986). All these results substantiate that 
there is a clear evolutionary relationship among different erm genes, e.g. some 
erm genes could be the progenitor of others and that constant evolution 
processes are underway. Evolution of erm genes could be driven by the 
requirement to adapt to specific environments, including the unique cellular 
environment in different host bacteria and the types and concentrations of 
chemical inducers in the environment that the cells are exposed to. Therefore, 
the occurrence of erm genes could be influenced by a combination of multiple 
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factors, including the microbial community and physical and chemical 
properties of the water environments.  
In summary, this study investigated the occurrence and distribution of 
erm genes in surface waters at major urban land use types in an urban city 
without impact of treated wastewater. Erm genes were still widely detected 
and their occurrence could be correlated with anthropogenic pressure and 
natural production of antibiotics. The analysis of different erm genes in this 
study provided useful information on their possible sources and dissemination 
behaviors, which can help in the development of environmental monitoring 
programs and control strategies to minimize the risks of ARGs in the 
environment. The results of low abundance of erm genes in samples without 
the impact of treated wastewater also suggest that refraining from discharging 
treated wastewater to surface waters could significantly reduce the risks of the 
development of ARGs and their potentially associated health risks. 
 
5.2  Erm genes driven by naturally produced antibiotics in urban soils 
5.2.1  Occurrence and abundances of erm genes  
Among the 12 tested erm genes, ermA, ermB, ermC, ermD, ermF, 
ermG, ermT, and ermY were detected at least once, while ermX, erm32, erm34, 
and erm35 genes were not detected in any samples. The most frequently 
detected erm gene was ermB (detection frequency of 80%), which was 
followed by ermT, ermF, and ermC with detection frequencies of 65%, 63%, 
and 61% respectively. ErmD, ermG, ermY, and ermA were less frequently 
detected, with detection frequencies of 43%, 33%, 28%, and 20%, respectively. 
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The results of erm genes in this study differed from previous studies, 
which were mainly conducted on agricultural soils. The abundances of erm 
gene in our study are generally lower than those in a previous study, in which 
ermB, ermC, ermE, and ermF genes was detected in archived agricultural soil 














soil (Knapp, Dolfing et al., 2009). Several other 
studies on the occurrence of erm genes in soil environments are available, but 
no quantitative information was provided in these studies. Another study on 
Chinese swine farms reported the occurrence of ermA, ermB, ermC, ermD, 
ermX, ermY, and erm36 in manure and compost samples, but only ermX was 
reported in soil samples (Zhu, Johnson et al., 2013). Patterson et al. applied a 
macroarray method and reported the occurrence of ermV, ermE and ermX in 
farm and garden soils (Patterson, Colangeli et al., 2007). Similarly, another 
study also reported ermV and ermX in various soil environments including 
forest, vegetable garden, apple orchard, and farmland soils (Popowska, 
Rzeczycka et al., 2012). In comparison, our study demonstrated a larger 
diversity of erm genes. The discrepancy between our study and previous 
studies might be related to the selective pressure posed by antibiotics. For 
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example, the previous studies usually took samples from agricultural soils 
where there could be external sources of antibiotics, ARGs, and microbial 
composition. The ARGs and microbial composition from external sources 
might alter the original soil resistome and the strong selective pressures from 
agricultural activities may also change soil resistome by selecting for specific 
types of erm genes and reduced the total diversity of ARGs in soils.  
 
 
Figure 5.4 Abundances of erm genes and PKS genes  
Boxes show the lower quartile (Q1, 25%), median (Q2, 50%), and upper 
quartile (Q3, 75%) of each dataset. Whisker ranges show the lower fence of 
Q1-1.5×(Q3-Q1) and higher fence of Q3+1.5×(Q3-Q1) for each dataset, where 
Q3-Q1 is the interquartile range. Crosses (×) show the maximum value and 
minimum value, and squares (□) show mean values. 
 
5.2.2  Occurrence and abundances of PKS genes  
Both PKS type I and type II genes were detected at a frequency of 100% 
in this study, revealing that PKS genes in tropical soils are widely distributed. 
However, one previous study reported negative detection of type II PKS genes 
in eight out of 23 soil samples (Wawrik, Kerkhof et al., 2005). The 



























































from different PCR primers and PCR techniques. It might also suggest that 
occurrence of PKS genes are location-specific because microbial populations 
in different soil types could be very different (Wawrik, Kutliev et al., 2007). 
Previous studies usually focus on the diversity of PKS genes in soils (Wawrik, 
Kerkhof et al., 2005, Wawrik, Kutliev et al., 2007, Pang, Tan et al., 2008), and 
PKS genes were usually observed in great diversity (Wawrik, Kutliev et al., 
2007). Furthermore, novel PKS genes were constantly being identified 
(Wawrik, Kerkhof et al., 2005, Wawrik, Kutliev et al., 2007, Pang, Tan et al., 
2008). 
Both type I PKS and type II PKS genes occurred abundantly in soil 
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copies/g soil with median concentration of 7.87×10
5
 copies/g soil) were one to 
two orders of magnitude lower than those of type I PKS genes. The difference 
in abundances between type I PKS and type II PKS genes is consistent with 
their different host ranges. For example, type II PKS genes were mainly 
detected in suborders of Actinobacteria (Wawrik, Kerkhof et al., 2005, 
Wawrik, Kutliev et al., 2007, Pang, Tan et al., 2008), while type I PKS genes 
were identified in a wider range of bacterial phyla, including Cyanobacteria, 
Proteobacteria, Actinobacteria, Chloroflexi and Acidobacteria (Pang, Tan et 
al., 2008, Parsley, Linneman et al., 2011). The wider host range of type I PKS 
genes may be related with its higher complexity of molecular structure, i.e., a 
type I PKS system contains several multifunctional proteins and a series of 
multiple activities existing on the proteins, while a type II PKS system 
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contains a series of individual enzymes that co-operate to assemble and 
modify the polyketide framework (O'Hagan, 1992). The more sophisticated 
molecular structure of type I PKS system may have led to a higher diversity of 
polyketide products, which may explain its wider host range and higher 
abundance in soils. 
5.2.3  Distribution of erm genes and PKS genes at different land use types  
Figure 5.5 shows the distribution of erm genes and PKS genes at 
different land use types. High concentrations of selected erm genes were 
observed in four land use types: residential, agricultural, commercial, and 
open space, yet the differences were not statistically significant. The results 
indicated that influence of human activities on the development of erm genes 
in soils without impact of treated wastewater was not significant, because 
elevated abundances of erm genes, such as ermA, were detected both in 
agricultural, residential areas, and well-preserved open space areas, suggesting 
the presence of driving factors other than anthropogenic influences on the 
development of erm genes. Both type I and type II PKS genes were 
prevalently detected in all land use types and there was no statistical 
differences between different land use types, suggesting that PKS genes are 
widely distributed in soil microorganisms and their occurrence is independent 




Figure 5.5 Distribution of erm genes and PKS genes at different land use 
types 
Boxes show the lower quartile (Q1, 25%), median (Q2, 50%), and upper 
quartile (Q3, 75%) of each dataset. Whisker ranges show the lower fence of 
Q1-1.5×(Q3-Q1) and higher fence of Q3+1.5×(Q3-Q1) for each dataset, where 
Q3-Q1 is the interquartile range. Crosses (×) show the maximum value and 






















































































































































































































Comparison of erm and PKS genes shows that PKS are common genes 
in soil microorganisms while erm genes are not. The abundances of PKS 
genes were related to cell biomass, which was supported by the positive 
correlation between 16S rRNA gene and type I PKS gene (r = 0.741, p < 0.001) 
and between 16S rRNA gene and type II PKS gene (r = 0.487, p < 0.001). The 
prevalent occurrence of PKS genes may be caused by their important 
functions, as PKS genes encode for compounds with a remarkable functional 
and structural diversity for the production of antibiotics, and antitumor, 
antifungal, and immunosuppressive compounds. Conversely, the amplification 
of ARGs is usually driven by external factors, such as the presence of 
antibiotics, other chemical pollutants, and radiation, etc (Hermansson, Jones et 
al., 1987, Baker-Austin, Wright et al., 2006).  
5.2.4  Correlation among erm genes, PKS genes, and environmental factors  
Principal component analysis (PCA) (Figure 5.6) and Pearson 
correlation analysis (Table 5.1, Table 5.2) were conducted to study the 
correlations among erm genes, PKS genes, and environmental factors. Genes 
in both absolute and relative abundance was used in the correlation analysis.  
Significant positive correlations were observed between erm genes and 
biosynthetic genes and macrolides. PKS genes were correlated with the 
absolute abundances of erm genes, e.g. ermB (r = 0.358, p = 0.015) and ermC 
(r = 0.389, p = 0.008) were correlated with PKS type I gene, and ermC (r = 
0.490, p < 0.001), ermD (r = 0.361, p = 0.014), ermG (r = 0.387, p = 0.008), 




Figure 5.6 Principal component analysis (PCA) of erm genes and 
environmental factors in soils. (a) genes in the unit of copies per gram soil; 
(b) genes in the unit of copies per ng DNA.  
Shapes represent different types of variables: ●: absolute gene abundances; ▲: 
relative gene abundances; ▼: metals; ♦: nutrients, TOC; ■: antibiotics. 
 
type II genes. Macrolides were also correlated with the absolute abundances of 
a few erm genes, i.e., erythromycin was correlated with ermF (r = 0.479, p = 
0.001) and tylosin was correlated with ermC (r = 0.354, p = 0.018) and ermY 
(r = 0.445, p = 0.004), while their correlation with relative abundances of erm 
genes were stronger, i.e., erythromycin was significantly correlated with ermB 
(r = 0.667, p < 0.001), ermC (r = 0.462, p = 0.002), ermF (r = 0.552, p < 0.001) 
and ermY (r = 0.552, p < 0.001) genes. The positive correlations between erm 
genes and macrolides suggest that erythromycin and tylosin probably posed a 
selective pressure on the development of erm genes in the soil microbial 
community. Furthermore, the positive correlation between PKS genes and erm 
genes, together with the fact that no correlation was observed between the 
semi-synthetic macrolide antibiotics and erm genes supported that natural 
production of macrolides was the most likely source of selective pressures for 













































































Principal Component 1 (25.8%)
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Table 5.1 Pearson correlations coefficients between absolute gene abundances and environmental factors 
 Absolute gene abundances (copies/g dry soil) 
16S 
rRNA  
PKS I PKS II ermA ermB ermC ermD ermF ermG ermT ermY 
16S rRNA gene 1.000
 
0.741*** 0.487*** -0.071 0.259 0.211 0.172 0.076 0.203 0.087 0.169 
PKS I 0.741*** 1.000 0.775*** -0.051 0.358* 0.389** 0.220 0.082 0.222 0.072 0.096 
PKS II 0.487*** 0.775*** 1.000 0.053 0.172 0.490*** 0.361* -0.066 0.387** 0.029 0.302* 
Mg 0.185 0.320* 0.176 -0.085 -0.004 0.006 -0.075 0.079 -0.018 -0.029 -0.143 
Mn 0.141 0.170 0.215 -0.056 -0.081 0.031 -0.092 0.078 -0.027 -0.059 -0.122 
Co 0.042 0.183 0.145 -0.062 -0.043 -0.083 -0.032 0.119 -0.034 -0.036 -0.108 
Cu 0.019 0.174 0.108 -0.045 -0.027 -0.095 -0.037 0.117 -0.072 -0.018 -0.094 
Zn 0.153 0.284 0.168 -0.031 0.061 -0.055 -0.041 0.130 -0.051 -0.035 -0.066 
Cd 0.035 0.171 0.147 -0.056 -0.097 0.001 0.156 0.147 -0.007 -0.056 -0.105 
As 0.010 0.118 0.058 -0.078 -0.052 0.029 0.006 0.147 -0.084 -0.066 -0.099 
F
-
 0.496*** 0.472*** 0.377** 0.242 0.351* 0.188 0.055 0.003 -0.011 -0.094 0.165 
NO2
- 
0.351* 0.260 0.256 0.083 0.079 -0.028 -0.022 0.039 0.167 -0.025 -0.062 
NO3
-
 0.176 0.053 0.249 0.045 -0.047 -0.059 -0.066 0.018 -0.009 -0.044 -0.051 
NH4
+
 0.499*** 0.494*** 0.456*** -0.082 -0.044 0.124 -0.068 -0.035 -0.020 -0.006 -0.020 
P 0.153 0.049 0.282 0.019 0.002 0.109 0.084 0.109 0.000 -0.060 0.021 
TOC 0.483*** 0.280 0.203 -0.078 0.119 0.083 0.182 0.310* -0.033 -0.068 0.129 
azithromycin 0.148 0.061 0.045 -0.051 -0.151 -0.070 -0.035 -0.071 -0.136 0.009 -0.015 
clarithromycin 0.093 -0.035 -0.050 -0.055 -0.161 -0.039 -0.070 -0.084 -0.129 -0.043 -0.045 
erythromycin -0.200 -0.179 -0.282 -0.010 0.101 -0.156 -0.092 0.479*** -0.051 -0.059 -0.093 
tylosin 0.269 0.118 0.164 -0.051 -0.062 0.354* -0.039 -0.053 -0.012 0.212 0.445** 
p values for correlations: *: 0.01< p <0.05, **: 0.001< p <0.01; ***: p <0.001. 
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Table 5.2 Pearson correlations coefficients between relative gene abundances and environmental factors 
 Relative gene abundances (copies/ng DNA) 
16S 
rRNA 





0.521*** 0.367* -0.014 -0.044 -0.056 -0.404** 0.520*** 0.124 -0.164 -0.051 
PKS I 0.521*
** 
1.000 0.483*** -0.006 -0.086 0.109 -0.255 0.335* 0.046 -0.100 -0.242 
PKS II 0.367* 0.483*** 1.000 0.142 -0.039 0.200 -0.173 0.006 0.081 -0.122 -0.059 
Mg 0.089 0.371* 0.207 -0.090 -0.107 -0.070 -0.063 0.020 -0.064 -0.030 -0.123 
Mn 0.123 0.206 0.349* -0.066 -0.124 -0.064 -0.084 0.028 -0.042 -0.061 -0.133 
Co 0.029 0.325* 0.259 -0.069 -0.087 -0.109 -0.052 0.067 -0.059 -0.036 -0.091 
Cu 0.051 0.376* 0.218 -0.052 -0.071 -0.101 -0.045 0.068 -0.094 -0.018 -0.082 
Zn 0.070 0.323* 0.211 -0.038 -0.069 -0.106 -0.057 0.062 -0.081 -0.036 -0.080 
Cd -0.062 0.186 0.142 -0.076 -0.114 -0.116 0.297* 0.116 0.008 -0.061 -0.069 
As -0.057 0.174 0.121 -0.073 -0.043 0.000 0.361* 0.121 -0.011 -0.070 0.001 
NO2
- 0.190 -0.002 0.206 0.066 -0.118 -0.136 -0.094 -0.016 0.147 -0.027 -0.162 
NO3
-
 0.185 -0.068 0.360* 0.033 -0.100 -0.106 -0.086 -0.017 -0.002 -0.045 -0.121 
NH4
+
 0.205 0.181 0.287 -0.113 -0.261 -0.120 -0.161 -0.117 -0.100 -0.011 -0.277 
P 0.245 0.000 0.422** -0.006 -0.102 -0.009 -0.058 0.066 0.008 -0.061 -0.079 
TOC 0.322* 0.054 -0.071 -0.122 -0.158 -0.187 -0.151 0.258 -0.021 -0.076 -0.233 
azithromy
cin 
-0.096 -0.159 -0.100 -0.049 -0.118 -0.121 -0.063 -0.070 -0.149 -0.009 -0.082 
clarithro
mycin 
-0.043 -0.130 -0.114 -0.060 -0.111 -0.075 -0.065 -0.085 -0.152 -0.047 -0.077 
erythrom
ycin 
0.311* 0.171 -0.085 0.134 0.667*** 0.462** -0.056 0.552*** 0.119 -0.060 0.631*** 
tylosin -0.075 0.020 0.028 -0.061 -0.090 0.196 -0.070 -0.054 -0.000 0.198 -0.102 
p values for correlations: *: 0.01< p <0.05, **: 0.001< p <0.01; ***: p <0.001. 
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Despite the positive correlations, the observed correlation coefficients 
were consistently low (r = 0.302-0.667), which may be explained by the fact 
that (1) a lot of various resistance mechanisms exist in soil environments and 
bacteria can adopt other resistance mechanisms rather than rRNA protection 
and (2) a variety of other factors such as metals and nutrients could also 
influence the soil resistome that the development of one particular type of 
resistance genes does not depend only on selective pressure from 
environmental antibiotics. 
However, the only correlations between erm genes and heavy metals 
were between relative abundance of ermD and Cd (r = 0.297, p = 0.045) and 
As (r = 0.361, p = 0.014). Previous studies reported that heavy metals could 
enhance the development of antibiotic resistance genes through co-resistance, 
co-regulation, or cross-resistance (Baker-Austin, Wright et al., 2006). For 
example, a copper resistance gene was found to be linked with a virginiamycin 
resistance gene and ermB gene (Baker-Austin, Wright et al., 2006). Some 
environmental studies also found positive correlation between metals and 
ARGs, for example, between Cu and ermB and ermF genes (Knapp, 
McCluskey et al., 2011), and between Cu, As, and overall MLSB resistance 
genes (Zhu, Johnson et al., 2013). However, in this study, we did not observe 
any correlation associated with Cu, and the positive correlations related with 
ermD were both weak. One possible reason for the lack of correlation between 
metals and ARGs in this study might be the comparatively low concentration 
of metals. For example, in this study, Cu was detected between 4 and 272 ug/g 
with one exception at 1462 ug/g. In comparison, in the previous study at 
Chinese swine farms, multiple samples have been detected with Cu 
119 
concentration higher than 500 ug/g. The high concentrations of metals were 
from metals used as feed additives in animal husbandry, which might provide 
higher level of selective pressure.  
5.2.5  Correlation between PKS genes and macrolide antibiotics  
To evaluate potential contribution of natural production to 
environmental antibiotics, correlation between PKS genes and macrolide 
antibiotics were analyzed. Among the four tested macrolide antibiotics 
(azithromycin, clarithromycin, erythromycin, tylosin), erythromycin and 
tylosin are two macrolide that can be naturally produced through type I PKS 
pathways, while clarithromycin and azithromycin are two semi-synthesized 
macrolides derived from erythromycin and cannot be naturally produced. 
However, none of these macrolides was positively correlated with PKS genes. 
The lack of significant correlation could be caused explained by several 
possibilities. First, all soil samples contained high abundance of PKS genes, 
but high abundance does not necessarily lead to high expression levels. 
Second, PKS genes encode for a large diverse set of polyketide compounds, 
and it is likely the abundance of total PKS genes do not correlate well with 
one particular type of antibiotic. It has been identified that erythromycin was 
produced by Saccharopolyspora erythrea (Weber, Leung et al., 1990) and 
tylosin is produced by Streptomyces fradiae (Baltz and Seno, 1988). Therefore, 
the correlation between PKS genes and antibiotics may only exist for selected 
strains, but not the total microbial community. Third, the naturally produced 
antibiotics could be decayed through adsorption, biodegration, and 
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photodegradation, and therefore a strong correlation cannot be observed once 
naturally produced antibiotics were degraded. 
5.2.6  Correlation between PKS genes with 16S rRNA gene and 
environmental factors  
Both the abundances of type I PKS genes (r = 0.741, p < 0.001) and 
type II PKS genes (r = 0.487, p < 0.001) were positively correlated with 16S 
rRNA gene. The positive correlation between PKS genes and 16S rRNA gene 
indicates that PKS genes are common functional genes that are abundantly 
possessed by soil microorganisms, while the higher correlation coefficient 
between type I PKS and 16S rRNA gene than that between type II PKS and 
16S rRNA gene could be explained by the fact that type I PKS genes can be 
possessed by a wider range of phyla of bacteria while the only known group of 
organisms employing type II PKS systems for polyketide biosynthesis is 
actinomycetes. The abundance of type I PKS gene was positively correlated 
with that of type II PKS gene (r = 0.775, p < 0.001). The two types of PKS 
genes have different structures and code for the biosynthesis of different 
polyketide compounds. As these compounds could function as toxic weapons 
against competing microorganisms, the positive correlation between type I 
PKS and type II PKS genes suggest that microbes could simultaneously 
possess multiple strategies to gain competition advantages. The abundance of 
16S rRNA gene was positively correlated with TOC (r = 0.483, p < 0.001), 
NH4
+
 (r = 0.499, p < 0.001), NO2
-
 (r = 0.351, p = 0.017), and F
-
 (r = 0.496, p < 






 are important 
limiting factors for the growth of bacteria in the sampled soils. Fluoride is 
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usually reported as a toxicant to microbes previously, for example, water-
extractable fluoride were inversely correlated with microbial activity in soils 
near an aluminium smelter at Ranshofen, Upper Austria (Tscherko and 
Kandeler, 1997). The different results observed in our study may be related 
with the low concentrations of fluoride (0.5-18.9 mg/kg dry soil with median 
concentration at 3.6 mg/kg dry soil), which did not reach the threshold to 
generate an adverse effect on the bacteria growth. In comparison, fluoride 
concentration in the Austria study ranged from 10 to 124 mg/kg dry soil. 
Positive correlations have not been reported between fluoride and biomass 
previously and deserve further investigation. 





) and absolute abundances of both PKS genes, the 
relative abundances of type I PKS and type II PKS genes were correlated with 
different types of nutrients and metals. Type I PKS gene was positively 
correlated with Mg (r = 0.371, p = 0.011), Co (r = 0.325, p = 0.028), Cu (r = 
0.376, p = 0.010), and Zn (r = 0.323, p = 0.028), while type II PKS gene was 
positively correlated with Mn (r = 0.349, p = 0.017), NO3
-
 (r = 0.360, p = 
0.014), and P (r = 0.422, p = 0.003). Limited information is available on the 
direct connection between metal, nutrients, and PKS genes. However, there 
are several possible reasons for these positive correlations. The presence of 
heavy metals generates a variety of toxic effects in plants and microorganisms. 
In response to that, bacteria possess various strategies either to reduce their 
toxicity or to facilitate their uptake of metal ions by plants. The response 
strategies usually involve the production of secondary metabolites that may be 
encoded by the PKS genes. For example, iron deficiency is a frequent 
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symptom of plants under heavy metal stress. Bacteria can produce siderophore, 
which is a high-affinity Fe(III) chelators, to facilitate iron acquisition by plants 
(Glick, 2003), and the production of siderophore is encoded by type I PKS 
genes (Jeanjean, Talla et al., 2008). In addition to the bacteria-plants 
interaction, toxic metals deplete the cells’ major antioxidants and generate 
oxidative stress to bacteria. Jeanjean et al. reported that a cyanobacterium 
strain rapidly released siderophore under oxidative stress and proposed that the 
release of siderophore could be crucial for the iron-containing antioxidant 
enzymes (Jeanjean, Talla et al., 2008). This might explain the positive 
correlation between multiple heavy metals and type I PKS genes in this study. 
Unlike type I PKS genes, type II PKS genes were positively correlated with 
Mn, NO3
-
, and phosphorus. Manganese commonly exists in natural 
environments as manganese oxide, which could be reduced by microbes and 
coupled to the oxidation of energy sources. The reduction of manganese oxide 
requires mediating reductants of biological origin, such as quinone (Nealson, 
Belz et al., 2002). The fact that quinone-forming monooxygenases are 
common and important tailoring enzymes involved in the biosynthesis of 
aromatic polyketides might explain the positive correlation between 
manganese and type II PKS genes (Hertweck, Luzhetskyy et al., 2007). 
Additionally, a previous study reported novel monooxygenases which were 
involved in modification of aromatic polyketides synthesized by PKSs of 
types II and III required redox-active transition metal ions including Mn
2+
 for 
its activity (Funa, Funabashi et al., 2005), and this connection may also 
contribute to the positive correlation between Mn and type II PKS genes. 
Despite the proposed explanations, more study is needed to further understand 
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the relationship between PKS genes and associated metals and nutrient 
components. 
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Chapter 6    Correlation Between Trace Levels of 
Antibiotics and Phenotypic Antibiotic Resistance in 
Urban Environmental Samples 
 
6.1  Prevalence and distribution of MLSB resistance in urban surface 
waters and soils 
The results of MLSB resistance in urban surface waters and soils are 
shown in Figure 6.1. In surface waters the resistance levels were detected from 
3.3% to 32.3% in the first sampling event and from 1.8% to 31.4% in the 
second sampling event. In soil samples, the resistance levels were detected 
from 8.9% to 30.1% in the first sampling event and from 1.2% to 32.5% in the 
second sampling event. The MLSB resistance levels in two consecutive years 
were relatively stable. In water samples, MLSB resistance levels from the two 
years correlated well with each other (Pearson correlation coefficient (r) = 
0.77, p < 0.001), and no statistical differences in MLSB resistance levels were 
detected between the two sampling years using a paired t-test (p = 0.54). In 
soil samples, MLSB resistance levels from the two years showed less but still 
positive correlation with each other (r = 0.58, p < 0.01), and no significant 
difference was observed either in a paired t-test (p = 0.18). The high 
correlation in waters in two different years indicates stable geographic 
distribution of antibiotic resistance, while low correlation in soil samples was 
likely to be caused by the high heterogeneity of soil samples.  
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Figure 6.1 Levels of MLSB antibiotic resistance in surface waters and soils 
Boxes show the lower quartile (Q1, 25%), median (Q2, 50%), and upper 
quartile (Q3, 75%) of each dataset. Whisker ranges show the lower fence of 
Q1-1.5×(Q3-Q1) and higher fence of Q3+1.5×(Q3-Q1) for each dataset, where 
Q3-Q1 is the interquartile range. Crosses (×) show the maximum value and 
minimum value, and squares (□) show mean values. 
 
The levels of MLSB antibiotic resistance varied largely in both urban 
surface waters and soils, and were ranked in the following order with regard to 
land use types: open space < reserved lands < commercial areas < park and 
recreational areas < residential areas < industrial areas < agricultural areas. 
Statistically significant difference was observed between open space and the 
three land use types with highest antibiotic resistance levels, i.e., residential (p 
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event 1. In sampling event 2, significant difference was observed between 
open space and agricultural areas (p = 0.029). 
The elevated resistance levels in various urban land use types can be 
attributed to the selective pressure from anthropogenic activities, for example, 
the potential usage of antibiotics from agricultural activities and complex 
mixture of urban contaminants from various urban surface runoff. 
Additionally, the relationship between land use types and antibiotic resistance 
is also consistent with the elevated abundances of ARGs in agriculturally 
influenced areas in a previous study by Pei et al (Pei, Kim et al., 2006). 
However, the difference between our study and Pei’s study is that surface 
waters in our study were under no direct point source discharge, and therefore 
resistance levels were more likely contributed from rainwater and urban 
surface runoff. To protect public health and improve water resource 
management, this study suggests that environmental monitoring program 
should be implemented even in “non-hotspot” environments where no 
discharge of treated/untreated wastewater are present, especially in the streams 
running through agricultural, industrial, and residential areas.  
MLSB resistance varied largely even within the same land use type, 
suggesting the influence of urban activities on antibiotic resistance is complex. 
For example, residential areas (n = 22) and park/recreation areas (n = 9) are 
two most common land use types in this study, and a wide range of MLSB 
resistance levels were observed in these two categories. The differences 
between the highest resistance level and lowest level in park areas in sampling 
event1, residential areas in sampling event 1, and residential areas in sampling 
event 2 were 14%, 19%, and 29%, respectively. In contrast, the differences 
127 
between the highest resistance level and lowest level in other land use types 
were less than 10%. The reason for the wide range of resistance levels in 
residential areas and park/recreation areas might be related to additional 
anthropogenic pressure from human activities. Residential areas in this study 
covered localities with a wide range of population densities (4,000-30,000 
residents/km
2
), which might introduce other nonpoint source pollution and 
lead to high variation of MLSB resistance levels in residential areas. Similarly, 
in the category of park and recreation lands, the extent and types of recreation 
human activities as well as the proximity to high resistance areas may affect 
the environmental resistance levels (Van Eldere, Mera et al., 2007). 
Conversely, no correlation between MLSB resistance levels in soil 
samples and land use types was observed. Unlike waters with high mobility 
and low heterogeneity, soils were less likely affected by surface water runoff. 
Previous studies on soils receiving antibiotics through land application of 
animal manure or compost usually detected high levels of antibiotic and 
antibiotic resistance (Zhu, Johnson et al., 2013). In contrast, the detected 
antibiotics in soils in this study occurred at ppb levels because soils were not 
affected by wastewater discharge and the detected trace levels of antibiotics 
were likely to originated from natural production by environmental 
microorganisms.   
6.2  Correlation between trace levels of antibiotics and phenotypic 
antibiotic resistance in urban environmental samples  
Pearson correlation analysis showed weak but still positive correlation 
between multiple antibiotics and MLSB resistance levels in surface waters 
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(Table 6.1). Except chloramphenicol and sulfamethoxazole, all detected 
individual antibiotics were positively correlated with MLSB resistance (p < 
0.05), and clarithromycin and azithromycin exhibited highest correlation 
coefficients (0.464 and 0.425) with MLSB resistance among all detected 
antibiotics. Considering that all three detected macrolides (erythromycin, 
azithromycin, and clarithromycin) can directly pose selective pressures on the 
expression of MLSB resistance, correlation analysis was further conducted 
between the total macrolide concentration and MLSB resistance levels (r = 
0.497, p < 0.001). This result suggests that trace levels of antibiotics could still 
pose a selective pressure for the development of antibiotic resistance in the 
water environment. 
 
Table 6.1 Pearson correlation coefficients between MLSB resistance and 
antibiotics  









azithromycin 0.425* 0.002  -0.149 0.328 
chloramphenicol 0.020 0.892  -0.138 0.365 
clarithromycin 0.464* 7.93E-04  -0.038 0.806 
erythromycin 0.299* 0.037  0.361* 0.015 
lincomycin 0.204 0.159  0.195 0.199 
sulfamerazine 0.284* 0.048  - - 
sulfamethazine 0.296* 0.039  0.029 0.851 
sulfamethoxazole 0.062 0.67  - - 
tylosin - -  0.009 0.954 
*: correlation coefficient with at significant level of 0.05. 
 
To further examine the correlation, the linear relationship between 
MLSB resistance and total macrolide concentrations was plotted in Figure 6.1 
for all sampling sites. Five sampling sites were observed with macrolide 
concentrations above 10 ng/L, and a positive correlation was observed  
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Figure 6.2 Linear regression between MLSB resistance levels and total 
macrolides concentration in surface waters 
 
between MLSB resistance levels and total macrolide concentrations. The 
majority of water samples (45 out of 50) were detected with macrolide 
concentration below 10 ng/L, and 75% of these sampling sites were detected 
with MLSB resistance level below 15%, where no obvious correlation was 
found between MLSB resistance and macrolides concentrations, suggesting 
that macrolides might drive the development of MLSB resistance only when 
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their concentrations are above certain threshold (10 ng/L). The remaining 25% 
samples were observed with elevated MLSB resistance levels (15%-30%), 
suggesting that MLSB resistance is affected by other factors in addition to the 
macrolides. 
One factor that may potentially affect the correlation between 
antibiotics and phenotypic antibiotic resistance is geological locations where 
water samples were collected. A higher correlation coefficient (r = 0.931, p < 
0.0001) was observed among water samples collected in river 1. A river is 
relatively homogenous and could be considered as a simplified environmental 
system, where the number of factors that may have an influence on the 
development of antibiotic resistance is reduced, and therefore a positive 
relationship between the antibiotic concentrations and antibiotic resistance 
levels could be relatively easily detected. River 1 flows through multiple 
sections of heavily populated residential areas and the consistent land use 
types along river 1 limited the effects of other urban activities on development 
of resistance. However, no significant correlation was detected in other rivers 
(p > 0.05). Although the correlation coefficients in river 2 and river 4 reached 
0.960 and 0.816, respectively, their p values were both above 0.1, suggesting 
the correlations were statistically insignificant. The lack of significant 
correlation might be due to limited sampling sites, i.e., less than 4 sampling 
sites were identified in all these rivers. Another reason could be that the 
detected total macrolide concentrations were mostly low (< 10 ng/L), again 
suggesting that macrolides below certain concentration (10 ng/L)
 
may not be 
high enough to promote the development of MLSB resistance in environmental 
microorganisms. The relationship between environmental antibiotics and 
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antibiotic resistance is difficult to detect due to the complexity of environment 
samples, and other factors, such as co-selection, could contribute to the 
development of antibiotic resistance, and therefore further investigation is 
needed. 
The mechanism of the effects of environmental antibiotics on the 
development of antibiotic resistance remains to be answered. Mechanism 
studies have shown that antibiotic resistance could be promoted by antibiotics 
at sub-inhibitory concentrations (Kohanski, DePristo et al.). However, the 
usual antibiotic concentrations applied in these studies were still at ng/ml level 
(Kohanski, DePristo et al.), which are two to three orders of magnitude higher 
than commonly detected environmental concentrations (Yi, Wei et al., 2014). 
One recent study conducted competition experiment with pure cultures 
exposed to low levels of antibiotics and studied minimal selective 
concentration (MSC) at which the fitness cost of the resistance is balanced by 
antibiotic selection. They reported that MSC could be hundreds times lower 
than the MIC values, and the MSC values of certain antibiotics, such as 
ciprofloxacin, could reach as low as ng/L (Gullberg, Cao et al., 2011). The 
study suggests that antibiotics at environmental concentrations could be a 
significant contributor to the emergence and maintenance of resistance, 
however, questions remain on whether the resistance can be translated to more 
complex microbial communities. Current environmental studies did not 
observe clear relationship between antibiotic concentrations and antibiotic 
resistance (Managaki, Murata et al., 2007, Oberlé, Capdeville et al., 2012). In 
contrast, total macrolide concentrations as low as 10 to 30 ng/L in an urban 
river were observed to be positively correlated with the MLSB antibiotic 
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resistance levels in the overall microbial community in our study. The results 
revealed, for the first time, the potential health risks caused by extremely low 
concentrations of antibiotics in the water environments. The information can 
be used to better evaluate health risks associated with environmental 
antibiotics. 
In soil samples, only erythromycin showed a weak positive correlation 
(r = 0.361, p = 0.015) with the MLSB resistance levels. In this study, 
erythromycin was the most prevalently detected antibiotic in soils and was 
likely produced from natural production by soil microorganisms because soils 
were not affected by point source pollution. The weak correlation suggested 
that only a small extent of MLSB resistance was contributed by the occurrence 
of erythromycin, and therefore more factors should be investigated to further 
understand the development of the antibiotic resistance in soils.  
6.3  Environmental bacteria as reservoirs of MLSB antibiotic resistance 
Three water samples were selected for microbial community analysis 
based on to cover a range of high, medium and low levels of antibiotics and 
antibiotic resistance. The levels of MLSB resistance of water samples 1, 2 and 
3 were 31%, 16%, and 9%, respectively, and corresponding macrolide 
concentrations were 35.9 ng/L, 17.5 ng/L, and 7.1 ng/L, respectively. As all 
three sampling sites were located in the same river, their microbial community 
compositions were similar to each other (Figure 6.3). Alphaproteobacteria (> 
14%), Bacteroidaceae (> 17%), Chloroflexi (> 6%), and Acidobacteria (> 7%) 
were most abundantly detected phylogenetic groups in all three samples. The 
relative abundances of Planctomycetes were relatively high in water 1 (10.6%) 
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and water 3 (8.9%), but low in water 2 (3.4%). The microbial community 
compositions in water samples were consistent with those reported in other 
surface water studies, e.g., Alphaproteobacteria were usually reported as a 
predominant class in tropical aquatic environments (Jing, Xia et al., 2013), and 
Bacteroidaceae, Acidobacteria, and Planctomycetes were also observed as 
major phylogenetic components (Li, Qi et al., 2011, Jing, Xia et al., 2013). 
Contributions to the overall MLSB resistance from individual 
phylogenetic groups and MLSB resistance in individual phylogenetic groups 
were also plotted in Figure 6.3. Water 3 was featured with the lowest overall 
MLSB resistance levels (8%) among the three water samples, and the MLSB 
resistance was mainly from Bacteroidaceae (3.0%), Alphaproteobacteria 
(1.2%), and Planctomycetes (1.1%). Low MLSB resistance levels in individual 
phylogenetic were detected as follows: Bacteroidaceae (17.7%), 
Planctomycetes (12.8%), Betaproteobacteria (10.4%), and unidentified 
bacteria (<7.9%). An overall MLSB resistance level of 16% was detected in 
water 2, and the resistance was mainly from Chloroflexi (3.9%), 
Bacteroidaceae (2.9%), Betaproteobacteria (1.5%), and Alphaproteobacteria 
(1.1%), and unidentified bacteria (5.0%). Relative high MLSB resistance levels 
in individual phylogenetic were detected as follows: Chloroflexi (37.8%), 
Chlamydiales (23.6%), Betaproteobacteria (20.2%), and Bacteroidaceae 
(15.5%), and unidentified bacteria (<8.7%). In water 1, where highest MLSB 
resistance level (31%) was detected, the resistance mainly came from 
Alphaproteobacteria (9.3%), Acidobacteria (4.8%), Bacteroidaceae (2.8%), 
Chloroflexi (1.7%), and Planctomycetes (1.3%). Relative high MLSB 
resistance levels in individual phylogenetic were detected as follows: 
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Alphaproteobacteria (42.4%), Acidobacteria (35.6%), Bacteroidaceae 
(31.7%), and Chloroflexi (26.9%), and unidentified bacteria (<14.9%).  
Three soil samples located in different land use types were selected for 
microbial community analysis. Soil 1 was located in a residential grass land, 
soil 2 was in a natural reservoir, and soil 3 was in an old land fill site. The 
levels of MLSB resistance of soil samples 1, 2 and 3 were 10%, 17%, and 36%, 
respectively, and corresponding erythromycin concentrations were 0.2 ng/g 
dry wt, 80.6 ng/g dry wt, and 30.9 ng/g dry wt, respectively. Microbial 
communities in soil 1 and soil 2 were similar. Bacilli, Chloroflexi, 
Planctomycetes, and Chlamydiae were the most abundantly detected bacteria 
(relative abundance > 10%) in both soil 1 and soil 2. Additionally, 
Flavobacteria was abundantly detected in soil 2 (10%) but not in soil 1 (1%). 
Soil 3 had completely different microbial community from the other two soil 
samples. Only Bacilli was detected with relative abundance above 10% among 
the tested phylogenetic groups, and 41.5% of cells hybridized by EUB338 
mixture were not identified. Microbial community structure in soils in this 
study is consistent with previous studies, e.g., Planctomycetes, Chloroflexi, 
and Bacilli were all prevalently detected in soil (Youssef and Elshahed, 2009), 
and Chlamydiae have been detected in several soil studies too (Shivaji, Reddy 
et al., 2004, He, Xu et al., 2006). In soil 1, Bacilli and Chloroflexi, whose 
MLSB resistance levels were 13.8% and 11.8% respectively, contributed to 3.4% 
and 2.7% of the overall MLSB resistance (9.6%). In soil 2, the overall MLSB 
resistance (16.5%) was mainly from the Chlamydiae (3.7%) and 
Planctomycetes (7.8%). The MLSB resistance in these two phyla of bacteria 
reached 34% and 28%, respectively. In soil 3, as a large part of bacteria 
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(41.5%) was not hybridized with the tested phylogenetic probes, only 2.0% of 
the overall MLSB resistance of 36.1% has been identified, which was from 
Bacilli (0.5%), Chlamydiales (0.4%), and Bacteroidaceae (0.4%), but their 




Figure 6.3 Microbial composition of selected water and soil samples 
 
6.4  Potential health risks of environmental antibiotic resistance bacteria  
Environmental microorganisms as reservoirs of antibiotic resistance 
has less been studied than clinical pathogens but is also important in risk 
assessment. Among the environmental microorganisms in water samples, 
Alphaproteobacteria, Acidobacteria, Bacteroidaceae, Chloroflexi, 
Chlamydiae, and Betaproteobacteria were detected with elevated levels of 
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MLSB resistance (>15%). In soil samples, Chlamydiae and Planctomycetes 
were detected with elevated levels of MLSB resistance (> 15%). However, few 
studies are available on their correlation with antibiotic resistance. 
Alphaproteobacteria have been characterized with widespread capability to 
participate in horizontal gene transfer (HGT), which enables the bacteria to 
exhibit resilience in the face of environmental change (McDaniel, Young et al., 
2010). Betaproteobacteria in soils and fresh waters were found to harbor class 
1 integrons in their chromosomes, which explains their ability to adopt 
antibiotic resistance (Gillings, Boucher et al., 2008). Chloroflexi have been 
reported as one of the major phyla in activated sludge (Zhang, Zhang et al., 
2011), which can survive in environments with strong selective pressures. 
Besides, a previous study on bacterial community in effluents and the 
upstream and downstream of a penicillin G production wastewater discharging 
point indicated that several bacterial groups were associated with antibiotic 
containing aquatic environments, including Chloroflexi and the class 
Bacteroidetes (Li, Qi et al., 2011). Bacteroides have been reported to be 
resistant to a wide range of antibiotics, such as β-lactams, aminoglycosides, 
erythromycin, and tetracycline (Salyers, Gupta et al., 2004, Löfmark, Jernberg 
et al., 2006). The probe targets Bacteroidetes at family level in this study, 
which contains some members of opportunistic pathogens. Therefore, the high 
prevalence of antibiotic resistance in Bacteroidetes might directly pose health 
risks to humans. Planctomycetes and Chlamydiae are important bacterial 
groups in soils that harbor high level of MLSB resistance. Planctomycetes has 
been reported to be composed of organisms with natural broad-spectrum 
antibiotic resistance (Cayrou, Raoult et al., 2010). Chlamydiae has been 
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extensively studied as obligate intracellular pathogen previously and has been 
discovered in the environment in recent years (Wagner and Horn, 2006), and 
therefore elevated antibiotic resistance levels in environmental Chlamydia 
might directly pose risks to humans. This study focused on identifying 
environmental bacteria as a reservoir of antibiotic resistance. These non-
pathogenic bacteria do not pose direct health risks to humans, but the 
antibiotic resistance determinants in non-pathogenic microorganisms could be 
transferred to pathogenic bacteria through HGT and thus remain as potential 
environmental health risk concerns.  
This study investigated the distribution of MLSB resistance in surface 
waters and soils in an urban city. In spite of no exposure to treated wastewater, 
relatively higher levels of MLSB antibiotic resistance were observed in water 
samples within areas with high anthropogenic activities, such as industrial 
areas and agricultural areas. By studying the relationship between macrolides 
and MLSB resistance levels, this study correlated the extremely low 
environmental concentrations of antibiotics and the development of antibiotic 
resistance in environmental samples. Environmental microorganisms 
harboring high level of antibiotic resistance were identified and the 
information will be helpful for a comprehensive environmental risk 
assessment. 
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Chapter 7    Population Density as an Indicator for the 
Occurrence of Trace Levels of Selected Antibiotics in 
Urban Surface Waters 
 
7.1  Correlation between population density and antibiotic concentrations  
Figure 7.1 shows the correlation between human population densities 
and antibiotic concentrations. Positive correlations were identified between 
selected antibiotics and population densities in water samples, which included 
azithromycin (R
2





=0.960, p=0.001), and sulfamethoxazole (R
2
=0.802, p=0.016). 
These antibiotics are all human medicines, revealing the impact from 
medical/health care activities on environmental surface waters. 
Given that antibiotic concentrations are strongly correlated with human 
population density, human activities should be the major input of antibiotics 
detected. Previous studies have shown that urban rivers contain complex 
mixtures of pollutants, which usually come from treated/untreated wastewater 
(Kasprzyk-Hordern, Dinsdale et al., 2008). However, one interesting fact here 
is that the water samples were mainly collected from artificial urban 
watercourses built for storm water runoff collection. Strictly no direct 
discharge of domestic wastewater is allowed into these water canals. Potential 
sources of antibiotics into the water collection system include storm water, 
urban land runoff and possibly underground sewage pipe leakage. Daily 
human activities can result in deposition of pollutants on roads, lawns, 
playgrounds, roofs, etc. As human population increases in a given area, the  
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Figure 7.1 Linear regression between average antibiotic concentrations 
and average population density 
The population density was calculated in a circle with a radius of 500 m. Error 
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amount of waste material deposited on the land and in drainage systems 
increases. In addition, influence from the sanitary sewer system could not be 
ruled out. Localities with higher population density are usually companied 
with more extensive medical care facilities and higher home consumption of 
antibiotics. Given the extensive sewage network underground, the possibilities 
of elevated antibiotic concentration within the area is higher in view of 
possible cases of wastewater leakage from the sewage piping. 
The remaining antibiotics were observed with either weak positive 
correlation, negative correlation or little correlation with the population 
density. Erythromycin showed a weak positive correlation with R-squared 
value at 0.296 and with p value at 0.264. Detailed analysis revealed that only 
two sampling sites were observed with elevated concentration of erythromycin 
(14.69±1.74 ng/L and 16.24±0.443 ng/L respectively) and both locations fall 
into the category with averaged population density at 15,000 residents/km
2
. 
The low concentrations of erythromycin might be caused by the low amount 
of consumption as compared to other macrolides. As recorded by the Health 
Science Authority, clarithromycin, azithromycin and lincomycin are licensed 
antibiotics in Singapore in both years 2012 and 2013, suggesting a continuous 
usage of these antibiotics at least during the year of sampling.  In contrast, 
historical usage of erythromycin has been documented in the 1990s 
(Esuvaranathan, Kuan et al., 1992) and license of erythromycin was found in 
year 2012 but not in year 2013,  which suggest that erythromycin, as an older 
member of macrolide, has been gradually replaced by newly invented 
macrolides such as clarithromycin and azithromycin. On the other hand, the 
typical animal antibiotic sulfamethazine exhibited negative correlation with 
141 
population density with R-squared at 0.512 and p value at 0.110. 
Sulfamethazine is a commonly detected antibiotic in many studies which 
mainly sources from livestock and aquaculture (Hoa, Managaki et al., 2011, 
Peng, Zhang et al., 2011, Shimizu, Takada et al., 2013). The elevated 
concentration of sulfamethazine at places with low population density 
confirmed its non-human sources in Singapore. However one exception was 
that sulfamethazine was detected in one heavily populated area (15,000 
residents/km
2
) at concentration of 21.8 ng/L. Nevertheless, elevated 
concentration was detected in only one out of the 13 sampling points that fall 
into this category. Looking into detailed information of this sampling site, it is 
found that the upstream of this sampling site is an old landfill area which also 
contains elevated sulfamethazine concentration at 12.0 ng/L. Therefore, the 
high concentration in this sampling point was more likely to source from the 
upstream area than from surrounding residential area. The remaining 
antibiotics including chloramphenicol and sulfamerazine have little correlation 
with the population density. Chloramphenicol was detected at low 
concentrations at all sampling sites (maximum concentration = 3.10 ng/L), 
while sulfamerazine was among the least frequently detected antibiotics in this 
study (detection frequency of 12%) as well as in many other studies (Hoa, 
Managaki et al., 2011, Peng, Zhang et al., 2011). The low concentration and 
low frequency of detection of these two compounds also revealed their lower 
level of environmental persistence and thus lower environmental risk concern 
as compared to other compounds.    
To sum up the above discussion, antibiotic concentrations in surface 




p<0.05) in the surrounding area. However, the correlation only applies to 
compounds with human sources and compounds with high environmental 
persistence.  
No similar correlation was found in soil environments. Only 
azithromycin and tylosin was observed with positive correlation with 
comparatively high R-squared value at 0.642 and 0.559 respectively; however, 
the p values were 0.103 and 0.146, neither of which shows the statistical 
significance. The lack of correlation between antibiotic concentrations and 
human population indicated the non-anthropogenic sources of antibiotics in 
urban soils. Unlike waters with high mobility and thus the ability to collect 
and accumulate chemical contaminants from multiple sources, occasional 
dump of urban contaminants on soil, if there is any, could hardly be sampled. 
Therefore, antibiotics in soil samples are be more likely to origin from natural 
production by environmental microorganisms, which is more connected to soil 
properties such as nutrition, carbon sources, microbial community 
compositions, etc.   
7.2  Population density as an indicator of antibiotics in surface water  
The strong correlation between antibiotic concentrations in surface 
water and population density brings up an idea that population density could 
be used as an urban indicator for the prediction of environmental occurrence 
of urban contaminants. In Singapore, a comprehensive network of drains, 
canals, rivers, storm-water collection ponds has been constructed to collect 
urban storm-water as a major source of water supply. Therefore, the 
appropriate assessment of water qualities of these streams is very important. 
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Given that population density is among the most important urban indicators to 
manage and monitor the development of megacities (Kötter and Friesecke, 
2011), additionally, census data is usually available and population density 
could be readily understood by the public, it would bring large convenience if 
population density can be used for the prediction of environmental 
contaminants.   
Different methods of calculating population density were investigated 
to provide better correlation with antibiotic concentrations. Population density 
was calculated based on certain land area centered at the sampling points and 
four distances of radius (100m, 300m, 500m and 1000m) were selected to do 
the calculation. The reason for selecting multiple distances of land area is that 
subzones in Singapore have very different population density, ranging from 
<200 to >30,000 residents/km
2
. Meanwhile, land area of each subzone could 
be very small, ranging from < 0.1 to > 130 km
2
. Therefore, for some sampling 
points, their nearby environment is very different from environments slightly 
farther away. For example, some sampling sites are located at urban parks 
where no residential building is present within a radius of 100 meters. 
However, crowd residential zone might be located in a farther distance and the 
influence might still be not negligible.  
For each antibiotic, linear regression was performed between their 
concentrations and the four sets of population density results calculated based 
on the four lengths of radius. Figure 7.2 displays the R-squared values from 
each regression line, which provides information on the goodness of linear 
regression, and a higher R-squared value indicates better correlation between 
antibiotic concentrations and population densities. 
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Figure 7.2 R-squared of linear regression fitted on antibiotic 
concentration vs. population density when population density is 
calculated based on different land area around sampling site 
 
The results of Figure 7.2 indicates that the method of calculating 
population density has an impact on the goodness of linear regression. 
Azithromycin, clarithromycin, lincomycin and sulfamethoxazole in surface 
water demonstrated higher R-squared values than other antibiotics at each 
radius and a common trend for these antibiotics in Figure 7.2 is that an 
increase of R-squared value was observed when the radius was changed from 
100 m to 300 m. Highest R-squared value was observed using population 
density within 500 m radius. For the three macrolide-lincosamide antibiotics, 
further increasing radius to 1000 m does not change the goodness of linear 
regression; however, the R-squared dropped significantly for 
sulfamethoxazole when population density was calculated within the 1000 m 
radius circle. The hypothesis was that very close surrounding area (e.g. 100 m 
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radius) impacts only partially on the water environment. This is because water 
samples in residential zones are taken from artificial water canals for storm 
water and surface runoff collection . As water canals are connected among 
residential buildings, the water sample from one sampling point might be a 
collection of canal waters from multiple branches from the surrounding area. 
Therefore, even though antibiotics did not come from urban surface runoff of 
the most nearby lands, they may come from other branches connected. In other 
words, calculating population density from a wide surrounding area takes into 
consideration as many as possible residential buildings that could have an 
impact on the same water canal, which explains the better correlation with 
population density calculated from 300 m, 500 m radius than that with 100 m. 
On the other hand, environment too far away may have little influence on the 
sampling sites, either due to the less connected construction of water canals or 
because certain compounds with low environmental stability could not 
accumulation over long distances transport. To summarize, to properly assess 
the relationship between population density and environmental antibiotic 
concentration, the population density should be calculated within a certain 
area of surrounding land. In our study, a buffer area of 500 meter radius 
around should be applied.  
Figure 7.3 shows the ANOVA plot of clarithromycin concentration in 
different population categories and Means comparison graph using Tukey Test. 
This figure shows that clarithromycin concentrations in urban surface waters 
become significantly higher (p<0.05) when population density exceeds a 
certain threshold, 20,000 residents/km
2
. No similar analysis on the relationship 
between antibiotic pollution and urbanization has been carried out before. 
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However, studies assessing the impact of urbanization on biotic integrity of 
streams have been largely performed (Yoder, Miltner et al., 1999, Novotny, 
Bartošová et al., 2005). Yoder et al. identified the threshold to be one housing 
unit per acre beyond which fish and aquatic invertebrate assessments 
increasingly fail to attain their biological criteria (Yoder, Miltner et al., 1999). 
This threshold was converted to 2.5 people per acre as population density 
(equal to 618 people/km
2
), which is over 10 times lower than the threshold in 
this study at 20,000 people/km
2
. In addition, one recent study evaluated 
isotopic ratios in dipper eggs in UK and concluded that urban contaminants 
increased in eggs when urban indicators exceed the thresholds of 10% urban 
land use or 1,000 people/km
2
 (Morrissey, Stanton et al., 2013). The 
discrepancy in urban indicator threshold values obtained in different studies is 
caused by the different water quality indicators selected, i.e. biotic features 
and chemical pollution features would probably show totally different 
relationship with the extent of urbanization. Nevertheless, this observation 
could be applied in urban pollution management in the following ways: (1) 
more frequent and comprehensive monitoring program could be carried out if 
population density exceeds the threshold value; (2) source tracking studies 
could be performed focusing on the heavily populated localities to identify the 
route of entry for antibiotics to enter surface water environment; (3) a separate 
strategy may need to be developed with more careful planning in these urban 
localities, for example, scaling up water volume in these heavily populated 






Figure 7.3 Influence of residential population density to human-used 
antibiotic in environment  
Left: ANOVA plot of clarithromycin concentration in each population 
category. Category 100: population density < 200 residents/km
2
, n=20; 
category 1500: population density between 1,000 and 1,999 residents/km
2
, 
n=2; category 3500: population density between 2,000 and 4,999 
residents/km
2
, n=5; category 7500: population density between 5,000 and 
9,999 residents/km
2
, n=6; category 15000: population density between 10,000 
and 19,999 residents/km
2
, n=13; category 35000: population density between 
20,000 and 49,999 residents/km
2
, n=4. Error bar is standard error for 
categories with n>2 and half range for categories with n=2. Right: Means 
comparison of concentration of human used antibiotics between different 
categories using Tukey Test. 
 
However, application of the urban indicator to other countries may be 
different. Multiple factors could affect the relationship between antibiotic 
concentrations and resident population, such as the consumption pattern of 
antibiotics, the wastewater treatment strategies, urban water management 
practices, etc. For example, one straightforward factor is the presence of direct 
point sources. Singapore has well-established sewage systems and all its 
treated wastewater is directly discharged into the sea to minimize the influence 
of wastewater on surface waters. However, many other countries discharge 
treated wastewater into surface waters, which directly aggravate the antibiotic 
burden to surface waters even under same degree of urbanization. Another 
factor that can make a difference is the watershed scale size. Watersheds with 
larger scale size, because of the higher dilution effect and thus higher 
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tolerance of the contaminants, are more stable than smaller watersheds even 
under the same extent of urban influences. In our study, this factor was not 
taken into consideration as samples were mostly taken from artificially 
constructed water canals with similar watershed scale sizes. However, 
situation can be different in other countries. In addition, the type of streams 
can also affect the relationship between urbanization and chemical 
contaminants. Whether a river has natural bank and basin or artificial 
construction can affect the distribution of antibiotics because artificial 
waterways usually do not contain much sediment as natural streams do, which 
can make a difference in the environmental partitioning process of antibiotic 
compounds.  In summary, the regression model between antibiotic 
concentration and population density should be established differently based 
on different field conditions.  
7.3  Correlation between population density and antibiotic resistance  
The relationship between MLSB resistance levels and human 
population density was further studied (Figure 7.4). MLSB resistance level 
measured in this study is the expression of erm genes, a major group of MLSB 
resistance determinants coding for the rRNA methylation. Overall two 
sampling events were carried out for the evaluation of MLSB resistance. The 
first sampling event was between Nov 2011 and Jan 2012 and the second was 
in December 2012. Positive correlation with population density was observed 
of MLSB resistance in water samples from both sampling events (R
2
=0.568, 
p=0.084 from sampling event 1; R
2
=0.702, p=0.037 from sampling event2) 
but not in soils (R
2
=0.158, p=0.507). Results from the two sampling events of 
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surface waters gave similar trend of linear regression. The R-squared value of 
0.568 and 0.702 indicated that 56.8% and 70.2% of the variation of MLSB 
resistance level in surface waters was explained by the change in population 
density, which was demonstrated by the overall increasing trend of MLSB 
resistance according to the increase in population density. The unexplained 
variation of MLSB resistance was more obviously observed in sampling sites 
with lower population density. A common observation from both sampling 
events was that lowest MLSB resistance was seen in localities with average 
population density at 3,500 residents/km
2
, while elevated resistance level was 
observed at sampling sites with lower (100 residents/km
2
 and 1,500 
residents/km
2







) population density. This pattern revealed the presence 
of different driving factors to affect antibiotic resistance in lightly populated 





Figure 7.4 MLSB resistance surface waters with regard to averaged 
population density 
Sampling event1 was carried out between Nov 2011 to Jan 2012, n=50; 
Sampling event 2 was carried out during Dec 2012, n=50.  Error bar is 
standard deviation. 
 



































































The elevated MLSB resistance levels in heavily populated localities are 
consistent with the higher concentration of macrolides. On one hand, the 
macrolides could pose a direct selective pressure to the environmental 
microbes. Previous studies have reported that sub-inhibitory concentration of 
antibiotics could enhance the transfer of mobile genetic elements (Aminov and 
Mackie, 2007) and thus drive the dissemination of antibiotic resistance 
determinants. On the other hand, human gut microbes from heavily populated 
localities tend to contain higher level of resistance, and these antibiotic 
resistance bacteria could be released to the environment directly. For example, 
one study sampled human fecal Escherichia coli and enterococci from three 
cities with different levels of residential population densities and found highest 
antibiotic resistance prevalence in the most heavily populated city. The higher 
prevalence of antibiotic resistance could come from higher consumption of 
antibiotics; in addition, the crowding in communities could be another factor 
that facilitates the dissemination of antibiotic resistance among people 
(Bruinsma, Hutchinson et al., 2003). In another study, Eldere et al. reported 
that beside the more obvious factors such as antibiotic usage and human 
population density, proximity to high resistance regions also favors the 
development of multiple resistance in Streptococcus pneumoniae strains in the 
investigated regions (Van Eldere, Mera et al., 2007). This observation further 
stressed the importance of host-host dissemination to the development of 
antibiotic resistance in urban cities.  
The elevated prevalence of antibiotic resistance in localities with 
smaller population density might be caused by other human activities. These 
locations included lands used for agriculture, aquaculture and industry, where 
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animal antibiotics might have been used. For example sulfamethazine and 
sulfamerazine were detected occasionally in these locations. Some other 
licensed animal antibiotics which were not targeted in this study, such as 
tetracycline, might also be present,  Although these antibiotics are not directly 
related to the MLSB resistance genes, they might still drive the development of 
MLSB resistance by co-selection, for example, many erm genes are located on 
transposons associated with other antibiotic resistance genes such as 
tetracycline resistance genes (Roberts, Sutcliffe et al., 1999).  
Similar as the antibiotic in soils, antibiotic resistance does not show 
any connection with population density. Analysis of antibiotic resistance in 
urban soil environment would require more studies on the microbial 
community and related physical-chemical conditions.  
In this study, the influence of human population density on antibiotic 
and antibiotic resistance levels in urban waters and soils was investigated. No 
correlation was found between antibiotics/antibiotic resistance and population 
density in soil environments. In contrast, human-antibiotic concentration in 
environmental water was significantly increased if human population density 
exceeds a certain threshold (20,000 residents/km
2
 in this study). Positive 
correlation with R
2
 > 0.8 and p < 0.05 was observed between averaged 
concentration of antibiotics including azithromycin, clarithromycin, 
lincomycin and sulfamethoxazole and averaged human population density 
when dividing sampling locations into groups based on their range of 
population density. We proposed that human population density can be used as 
an indicator of the environmental concentrations of antibiotics but this 
observation only applies to antibiotics that are continuously in use and 
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persistently detected in environmental waters. Negative correlation was 
observed for animal-used antibiotics sulfamethazine and little correlation was 
observed for erythromycin, chloramphenicol and sulfamerazine, which are 
either less used or less stable in environment. By calculating population 
density within different land area from the sampling sites, we report that best 
correlation between human antibiotics and human population density was 
found if averaged population density was calculated based on a buffer land 
area of 500 m radius. In addition, positive correlation between antibiotic 
resistance levels and human population density was found in surface water.  
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Chapter 8    Conclusions and Recommendations 
 
8.1  Conclusions 
This study aimed to evaluate antibiotics and antibiotic resistance levels 
in an urban environment.  Surface waters and soils were sampled in a highly 
populated urban city. The concentration of multiple antibiotics including 
macrolides, lincomycin, sulfonamides, beta-lactam, chloramphenicol, 
furazolidon, and monensin were detected with LC/MS/MS. Erythromycin 
ribosomal methylase (erm) genes were quantified with qPCR and their 
expression levels (also referred to MLSB resistance levels) were quantified 
with FISH.  
The results showed that macrolides, lincomycin, sulfanomides and 
chloramphenicol were frequently detected in urban streams in Singapore but 
all at lower ng/L levels. The occurrence of antibiotics in surface waters were 
mainly influenced by the consumption pattern, which was revealed by the fact 
that the detected macrolides which were human medicines were mainly 
detected in residential sites, whereas the detected sulfonamides which were 
mainly animal antibiotics were generally detected in agricultural areas. 
Conversely, only erythromycin and lincomycin were frequently detected in 
urban soils at lower ng/g levels. As these two antibiotics could both be 
produced by Streptomyces, it is proposed that the detected antibiotics came 
from natural biosynthesis.  
Erm gene abundance and erm gene expression levels varied greatly in 
urban environments with different land use types. An increasing trend of 
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average MLSB resistance levels in surface waters was found in the following 
order: open space, reserved lands, commercial area, park and recreational area, 
residential area, industrial area and agricultural area. Conversely, the erm gene 
abundance and expression levels in soil samples did not show obvious 
correlation with urban land use types. This study differs from previous studies 
in a way that the sampling sites were not contaminated with anthropogenic 
input of antibiotics, such as the discharge of treated and untreated wastewater 
or land application of manure material. The detected antibiotic resistance 
genes in the urban surface waters most probably came from rainwater and 
urban surface runoff, while in urban soils, the detected resistance genes were 
most likely to be of natural origin. Since surface water including storm water 
collection is one large part for Singapore’s drinking water supply, more 
attention should be paid to these water resources even under no pressure of 
direct point discharges as part of environmental monitoring strategies.  
To further study the factors that drive the development of antibiotic 
resistance, correlation analysis was also performed between the abundance of 
individual erm genes and a variety of anthropogenic and environmental factors, 
including the presence of antibiotics, heavy metals, nutrients and biosynthetic 
genes. In water samples, clustering of erm genes were observed. Some erm 
genes were easily spread under the exposure of antibiotics, for example, the 
ermB/ermG/ermF cluster was highly correlated with nutrients and animal 
antibiotics. Some erm genes could still be promoted under selective pressure 
but were less easy to be widely adopted by environmental bacteria, such as 
ermA and ermT. Some erm genes such as ermD were more likely to be 
localized in indigenous antibiotic-producing bacteria. The mobility of different 
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erm genes might be explained by their different amount of energy required to 
initiate regulation process, which is determined by their molecular structures 
and detailed mechanisms of regulation. For example, the most widely spread 
erm genes, ermB and ermF, both contain member that are constitutively 
expressed, whereas ermG, ermC and ermA genes were less detected and their 
concentrations detected in this study were consistent with their ability to 
respond to low concentrations of erythromycin in previous studies. This 
information could be applied in guiding the environmental monitoring of 
ARGs in urban environments.  
Different from the surface water environment, the occurrence of erm 
genes in urban soil environments was more connected with natural production 
of antibiotics. The biosynthetic genes, PKS type I and PKS type II genes, were 
abundantly detected in urban soils and their absolute abundances were 
positively correlation with erm genes. Furthermore, the concentration of 
erythromycin was positively correlated with ermB, ermC, ermF and ermY. 
Another interesting phenomenon was that the relative abundances of PKS 
genes were positively correlated with heavy metals, which might be explained 
by the fact that heavy metals could induce a variety of toxic effects (such as 
oxidative stress and iron deficiency) in bacteria and plants. Bacteria produce a 
lot of siderophores to facilitate iron acquisition in response to these toxic 
effects, and the production of siderosphores involves PKS genes.  
In addition to the erm gene abundances, correlation analysis was 
conducted between their expression levels and antibiotic concentrations. A 
total of five antibiotics including azithromycin, clarithromycin, erythromycin, 
sulfamerazine and sulfamethazine were observed with positive correlation 
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with MLSB resistance levels (p<0.05). Macrolides (r = 0.30-0.46) presented 
higher correlation to MLSB resistance than sulfa drugs (r = 0.28-0.30) did. One 
important observation was that macrolide concentrations in surface water were 
highly correlated with MLSB resistance levels (r = 0.93, p < 0.01) when 
separate water bodies were considered individually. Few studies had observed 
direct correlation between antibiotics and antibiotic resistance in open water 
systems, probably because the open environment contains a mixture of 
complex co-selecting factors to the development of antibiotic resistance. 
However, in this study, the positive correlation between antibiotics and 
antibiotic resistance was observed in a simplified river system where there is 
consistent land use type of residential areas and no point source of 
wastewater/effluent discharge along the river. This high correlation between 
antibiotics and antibiotic resistance suggests that (1) the presence of antibiotics 
in environmental waters may have direct posed a selective pressure to the 
development of antibiotic resistance; (2) antibiotic concentration as low as 10 
ng/L could still impact the development of environmental resistome. However, 
one limitation of this study is the limited number of antibiotics tested as other 
co-selecting antibiotics could be present but not tested. In soil environments, 
the concentration of erythromycin was positively correlated with MLSB 
resistance levels but at low correlation coefficient (r = 0.36, p = 0.015), 
suggesting the presence of more complex driving factors.  
Phylogenetic analysis of environmental microbes indicates that beside 
the antibiotic-producing bacteria, other non-pathogenic environmental 
microbes are also important components of the environmental resistome. For 
example, the phyla Alphaproteobacteria, Acidobacteria, Bacteroidaceae and 
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Chloroflexi all contained high level of MLSB resistance (>27%) in surface 
waters that contained elevated concentration of macrolides. In the selected soil 
samples, MLSB resistance was mainly from the Chlamydiae, Planctomycetes 
and Bacilli. These results provided valuable information on the 
characterization of environmental resistome in tropical urban environments 
and could be applied in environmental risk assessment for future research.  
This study also examined the connection between indicators of 
urbanization and surface water contamination from a perspective of urban 
environment management. It was found that residential population density 
could be used as an urban indicator for the prediction of antibiotic 
contamination in urban streams. A linear regression was found between 
antibiotic concentration and population density for certain members of 
antibiotics. In addition, the difference in antibiotic concentrations in urban 
surface waters becomes statistically significant (p<0.05) when population 
density exceeds a certain threshold, 20,000 residents/km
2
 in this study.  This 
observation could be applied in urban pollution management in the following 
ways: (1) more frequent and comprehensive monitoring program could be 
carried out if population density exceeds the threshold value; (2) source 
tracking studies could be performed focusing on the heavily populated 
localities to identify the route of entry for antibiotics to enter surface water 
environment; (3) a separate strategy might need to be developed with more 
careful planning in these urban localities, for example, scaling up water 
volume in these heavily populated localities could improve the tolerance of 
streams to the impairment from urbanization. 
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8.2  Limitation of this study 
One major limitation of this study is the limited data points. Overall fifty 
sampling sites were identified and sampling was carried out in 2011 and 2012. 
Sampling was conducted only once each year, and a total of 50 sampling sites 
were covered within one week to reduce interference from the change of 
climate condition. Storm events did not occur during sampling but small rain 
events were sometimes encountered at certain sampling sites. The lack of a 
consistent weather condition could introduce interference to the analysis of 
distribution pattern of the contaminants. Furthermore, the lack of a continuous 
sampling in different months results in a lack of temporal characterization of 
the distribution patterns. A two-times sampling in this study gives a snapshot 
of the overall distribution, while a more comprehensive sampling at different 
time points will be required to confirm the reproducibility of results and to 
expand analysis to include more factors that could affect antibiotics 
concentrations in the environment, such as the weather conditions, seasonal 
influenza, etc. 
The analysis with population density might be oversimplified. In 
Singapore, there are different types of real estate properties, including HDB, 
condominium, and landed properties. Different types of these real estate 
properties are featured with different infrastructure; while even the same type 
of buildings with different aging properties could have different infrastructure. 
These could all contribute to the occurrence of antibiotics in water 
environments but are not included in the analysis.  
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Another limitation is the limited number of antibiotics analyzed. The 
distribution of antibiotics with regard to land use types were analyzed based 
on the available data of two animal antibiotics and six human antibiotics. 
Furthermore, the strong positive correlation between antibiotic concentration 
and residential population density was observed only of four antibiotics, while 
two human antibiotics did not show this correlation. The causes of different 
results from different antibiotics should be analyzed, while it is hard to 
generate statistically significant analysis from such a small database.  
In this study, correlations among different parameters were analyzed 
based on their correlations. However, one major limitation is that correlation 
does not imply causation, and evidences of direct impact should be given 
based on mechanism experiments. A second drawback is that some 
correlations we found in this study are weak. For example, the correlation 
between erythromycin and MLSB resistance, as well as those found between 
erythromycin and erm genes in soil environments are between 0.361 and 0.667. 
This means less than 44% of the variance of antibiotic resistance (erm genes 
abundance and expression) was explained by the presence of erythromycin. 
There are definitely more factors that cause the variation of antibiotic 
resistance in soil environments but these factors were not characterized.  
8.3  Recommendations for future study 
With the current findings on urban distribution of antibiotic resistance, 
future studies will strive to (1) include temporal characterization of the 
distribution of antibiotics and antibiotic resistance (2) obtain more in-depth 
knowledge about the environmental resistome, (3) further complete the model 
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of using urban indicators to predict the distribution of antibiotics and antibiotic 
resistance, (4) conduct human health risk assessment for environmental 
development and transfer of antibiotic resistance. 
8.3.1  To include temporal characterization of the distribution of antibiotics 
and antibiotic resistance 
More sampling work should be carried out to include temporal 
characterization of the distribution of antibiotics and antibiotic resistance. For 
example, samples with a time interval of several hours could be tested to 
determine the variation within one day; repeated samples could be taken 
within a week to test the reproducibility of location specific occurrence of 
antibiotics. Sampling at fixed time points every month could be taken to test 
the impact from weather and climate change and possible impact from 
seasonal influenza.  
However, temporal characterization including overall 50 sampling sites 
would be too labor intensive. Therefore, it is suggested to do temporal 
characterization only at selected sampling sites, for example, representative 
sampling sites in localities with light, median and heavy population destiny 
could be included for temporal characterization. In summary, sampling 
schedule should be carefully planned for the purpose of answering specific 
research questions and effective usage of labor and experimental resources.  
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8.3.2  To expand the understanding on environmental resistome 
One limitation in this study was that claims on the influences of 
environmental factors to the development of antibiotic resistance were all 
based on correlations. On one hand, open systems could be so complex that 
the lack of significant correlation does not necessarily mean a lack of 
connection. For example, in Chapter V, concentration of erythromycin did not 
show any correlation with the abundance of PKS genes, based on which the 
source of detected erythromycin could not be confirmed. It might help to 
directly quantify the abundance of erythromycin-producing strain 
Saccharopolyspora erythrea instead of quantifying the overall abundance of 
PKS genes. However, it would still be necessary to isolate the particular strain 
from soil samples and observe the production of erythromycin with controlled 
lab experiment until which the sources could be confirmed. On the other hand, 
correlation does not imply causation. Even though in some cases positive 
correlation between factors is observed, the influence from one to another 
could not be confirmed. To make firm conclusion on the influence from one 
factor to another, control experiment and mechanism studies are usually 
required. 
In this study, it has been observed that some ARGs are more 
abundantly spread while others are less. It was proposed in this study that the 
different dissemination behaviors of erm genes were caused by their different 
molecular structures and subsequently their different energy requirements to 
initiate regulation. However, no further experiment was conducted to confirm 
this proposal. A detailed understanding of molecular mechanism that 
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determines the dissemination of ARGs can provide valuable information in the 
prediction of resistance profile and probably in the prediction of likelihood of 
novel environmental resistance determinants being spread to pathogenic 
microorganisms. Future research can look into this topic from the perspective 
of genetic locations of ARGs, host ranges of ARGs, bacteria fit cost associated 
with particular ARGs, etc. 
Microbial community compositions that harbor elevated levels of 
MLSB resistance levels have been identified in the level of class and phylum 
in this study. More detailed study could be done on the level of genera and 
even strains. Furthermore, how likely these MLSB resistance genes could be 
transferred from these microbe groups to pathogens was not studied. Gene 
transfer experiment can be carried out between these environmental 
microorganisms and representatives of human pathogens in order to study the 
likelihood and frequency of HGT. This would provide important information 
on hazard identification in human health risk assessment.   
8.3.3  To further study the connection between urban indicators and 
environmental antibiotics/antibiotic resistance 
In this study it has been proposed that urban indicators such as human 
population density could be used as an indicator for the prediction of 
environmental concentrations of antibiotics and antibiotic resistance. The 
limitation of this study is that only a limited number of antibiotics and 
antibiotic resistance determinants were selected for detection. The distribution 
pattern depends on a variety of anthropogenic factors as well as the chemical 
properties of targeted organic contaminants. Anthropogenic factors include 
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antibiotic consumption pattern, infrastructure construction, wastewater 
treatment strategies, urban water management practices, etc. Therefore, the 
correlation between human population density and antibiotic concentration 
found in this study might not suit other countries. Chemical properties of 
antibiotics include the persistency of antibiotics and partitioning behavior of 
antibiotics in environmental matrixes. Therefore, the simple mathematic 
models in this study might not be applied to other types of antibiotics. Future 
research could expand the types of antibiotics and antibiotic resistance. More 
comprehensive mathematic models could be established to predict the 
distribution of antibiotics in urban streams, taking into consideration the 
consumption amount, stability and partitioning behavior of antibiotics.  
8.3.4  To conduct human health risk assessment for environmental 
development and transfer of antibiotic resistance. 
As it has been demonstrated that environmental resistome could be the 
origin of clinically prevalent ARGs, the ultimate goal of environmental 
monitoring of ARGs and ARBs is to conduct human health risk assessment. 
Microbial risk assessment (MRA) is a scientific tool to evaluate the level of 
exposure to a specific organism (or particular type of resistance) and the 
subsequently the health risks from the exposure. Proper risk assessment 
provides information on prioritization of control strategies, based on which 
decision-makers could regulate the policies relating to water resource 
management. 
Currently no standard methods have been established in risk 
assessment associated with environmental antibiotic resistance and several 
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research gaps remains to be addressed. For example, information of microbial 
selection concentration of antibiotics for the development of antibiotic 
resistance is required but still limited; identification environmental hot spots is 
a necessary step while currently no standard criteria is established to define if 
an environmental is in question; study on dose-response effect remains limited 
and risk-ranking approaches remains to be developed. 
This study provided insights on the levels of antibiotic concentration to 
select for the development of antibiotic resistance in surface water 
environments and on the identification of environmental hot spots as revealed 
in Chapter VI. However, the results could not be conclusive. The limitation 
was that limited types of antibiotics and other co-selecting contaminants were 
tested and only correlation analysis was performed. Although high correlation 
coefficient (r > 0.8) was obtained between environmental concentration of 
macrolides and MLSB resistance levels, the causality could not be confirmed 
based on the limited information provided. To further answer the question on 
microbial selection concentration, it is recommended that the category of 
selective pressures should be expanded and control experiments should be 
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Values obtained from U.S. National Library of Medicine: http://toxnet.nlm.nih.gov/.  
b 
Value obtained from Chemical Book http://www.chemicalbook.com/. 
c
 Pressman, B. C. In Properties of ionophores with broad range cation selectivity, Federation 
proceedings, 1973; 1973; p 1698. 
d
 Qiang, Z.; Adams, C., Potentiometric determination of acid dissociation constants (pKa) for 
human and veterinary antibiotics. Water Research 2004, 38, (12), 2874-2890. 
e
 Beale, J. M.; Block, J., Organic medicinal and pharmaceutical chemistry. Lippincott 
Williams & Wilkins: Philadelphia, U.S.A., 2010. 
f 
NA, Not available 
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Table A.2 Operation conditions for LC/ESI-MS/MS 












macrolides azithromycin 8.1 749.5 quantitative 116.2 46 3 
8.1 749.5 qualitative 158.1 42 3 
clarithromycin 8.8 748.5 quantitative 158.1 26 5 
8.8 748.5 qualitative 116.1 42 5 
erythromycin 7.5 734.5 quantitative 158.2 26 3 
7.5 734.5 qualitative 116.1 42 3 
tylosin 8.1 916.5 quantitative 174.2 38 3 
8.1 916.5 qualitative 772.0 38 3 
lincosamide lincomycin 4.2 407.0 quantitative 126.2 26 3 
4.2 407.0 qualitative 359.2 18 3 
chloramphenicol chloramphenicol 3.8 320.9 quantitative 152 14 5 
3.8 320.9 qualitative 257.1 2 5 
sulfonamides sulfamerazine 1.5 265.1 quantitative 92.1 22 3 
1.5 265.1 qualitative 156 10 5 
sulfamethazine 2.4 279.0 quantitative 186 14 5 
2.4
 
279.0 qualitative 156 6 5 
sulfamethoxazole 1.4 254.0 quantitative 156 6 5 
1.4 254.0 qualitative 92.2 18 5 
β-lactams amoxicillin 0.9 366.0 quantitative 160 10 5 
0.9 366.0 qualitative 114 34 5 
ceftiofur 3.4 524.0 quantitative 241 2 5 
3.4 524.0 qualitative 125 50 7 
nitrofuran furazolidon 2.5 226.0 quantitative 122 18 5 
2.5 226.0 qualitative 139 10 5 
polyether monensin 10.0 693.0 quantitative 675 15 3 




Table A.3 Signal suppression (+) or enhancement (-) due to matrix effect and relative matrix recovery after correction with isotope-
labeled internal standards 
 
Category Compound 
Percentage of Average (Standard 
Deviation) due to Signal Suppression 
(+) or Enhancement (-) 
 
Percentage of Average (Standard 























Native Compounds macrolides azithromycin 56 (5) 44 (17) 32 (20) 27 (9)  NA
a
 135 (7) NA
a
 122 (26) 
clarithromycin 49 (8) 43 (18) 32 (11) 45 (11)  NA
a
 136 (11) 97 (24) 101 (21) 
erythromycin 63 (2) 58 (17) 49 (14) 49 (13)  98 (7) 91 (17) 93 (6) 91 (9) 
tylosin 68 (5) 54 (18) 39 (8) 42 (14)  NA
a
 89 (19) 72 (13) 105 (24) 
lincosamide lincomycin 45 (5) 40 (18) 28 (14) 3 (17)  NA
a
 96 (28) NA
a
 121 (43) 
chloramphenicol chloramphenicol 41 (8) 18 (16) 21 (9) 12 (14)  99 (4) 106 (15) 113 (17) 112 (19) 
polyether monensin 34 (9) 28 (5) 31 (5) 31 (6)  NA
a
 116 (11) NA
a
 95 (8) 
sulfonamides sulfamerazine 15 (10) 22 (10) 13 (7) 25 (14)  92 (2) 94 (3) 103 (16) 91 (10) 
sulfamethazine 26 (7) 25 (18) 15 (14) 23 (12)  80 (12) NA
a
 101 (15) NA
a
 
sulfamethoxazole 11 (14) 18 (6) 23 (19) 22 (15)  96 (5) NA
a
 91 (17) NA
a
 
β-lactams amoxicillin 75 (2) 48 (33) 59 (2) 20 (65)  46 (3) NAa 54 (6) NAa 
ceftiofur 47 (8) 35 (7) 43 (18) 12 (18)  90 (24) NA
a
 83 (33) NA
a
 
nitrofuran furazolidon 11 (4) 18 (14) 12 (10) 12 (8)  96 (13) NA
a






C2 62 (3) 55 (11) 46 (12) 43 (14)      
chloramphenicol-d5 41 (8) 20 (2) 28 (10) 20 (15)      
sulfamerazine-d4 7 (10) 17 (12) 15 (10) 18 (8)      
amoxicillin•3H2O-
13
C6 53 (5) 3 (43) 24 (5) -6 (74)
b
      
a 
Not available because no appropriate isotope-labeled compound was selected for the native compound. 
b 
Signal enhancement rather than signal suppression. High standard deviation means matrix effect is not stable. 
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Figure A.1 Chemicals structure and scheme of dissociation equilibrium of 
erythromycin(Qiang and Adams 2004) 
 
 
Figure A.2. Scheme of dissociation equilibrium of sulfonamides (Qiang 
and Adams 2004) 
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